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REMARKS/ARGUMENTS 

Claims 1, 3, 5, 11, 15, 16 and 39-42 are active in this application. No new subject 
matter has been added from the amended and the new claims. Claim 1 is supported in pages 
4-7, page 19, figures 1 and 4 of the specification as originally filed. Claim 39 is supported at 
paragraph [0061], [0064] and [0065] in the specification. Claim 40 is supported by Example 
10. Claim 41 is supported by example 11. Claim 42 is supported at paragraph [0031] in the 
specification. No new matter is believed to be added. 

As discussed in the present specification, TREM 1 is a receptor of activation in 
macrophages. TREM 1 includes a soluble extracellular domain and a hydrophobic 
transmembrane domain (see Fig. 1) that when triggered by its ligand, the ligated complex 
induces macrophage activation. TREM 1-SV is a variant of TREM- 1 that is not anchored in 
the macrophage cell membrane but free to capture TREM-1 ligand. When TREM-1 ligand is 
captured by TREM 1-SV the TREM-1 receptor complex is not triggered and the 
macrophages are not activated. Depending at what stage of the condition or disease the 
intervention is practiced, this permits the modulation (down and up activation) of the 
immune response. For instance, if the TREM-lsv treatment is repeatedly practiced as a 
prophylactic intervention and then the patient develops an infection, one skilled in the art 
knows to reduce the ^treatment to allow the immune response to activate gradually to fight the 
infection without overdoing it and going into septic shock. 

In view of these comments, the claim amendments submitted, and the following 
remarks, Applicants request reconsideration of all outstanding rejections. 

The new matter rejection pertaining to Claims 1, 3, 5, 7, 9, and 1 1-16 under 35 U.S.C. 
§ 1 12, first paragraph is not deemed to be applicable in light of the amendments submitted 
herein. Specifically, while Applicants disagree with the Examiner's interpretation of the 
specification, the language in the claims that was the basis for the rejection is no longer 
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present. Rather, the polypeptide used in the claimed methods is defined by having a portion 
of the sequence in SEQ ID NO:2, which is clearly described, e.g. in the sequence itself 
presented in Figure 4. Withdrawal of this ground of rejection is requested. 

The rejection of Claims 1, 3, 5, 7, 9, and 11-16 under 35 U.S.C. 1 12, first paragraph 
("enablement") is respectfully traversed. 

The scope of this rejection summarizes as this application having a lack of description 
in the specifications about the method to modulate the immune response by competitive 
inhibition with a soluble TREM-1 or one without a functional transmembrane region. 
Applicants have amended the claims to clarify that the scope of this patent resides in the 
therapeutic action of the binding ligand activity of the compound and not whether it has a 
functional transmembrane region or not. The binding ligand region or site of activity of the 
compound claimed is described in Figure 4 and paragraph [0027] as being the region from 
one box to another inclusively, the two boxes being described as containing the sequence 
where the disulfide bridges originates . A schematic presentation of the loop binding domain 
is presented in Figure 1 and described in paragraph [0024]. The functionality of the structure 
of TREM-1 sv is known based on its gene location and its similarity with the 
immunoglobulins and T cell receptor family. A pair of disulfide bridges creates a loop 
domain or binding domain that contains the binding sites for this type of immunoglobulin 
family. related receptors (see the present specification at paragraph [0070] and Kelker et al . J. 
Mol Biol 342:1237, 2004, copy attached). 

Furthermore, Applicants point out that: 

1 . The mechanisms by which the polypeptide competes for the TREM-1 ligand is 
described thoughout the specification. Modulation of this mechanism is inherent to its 
property. 
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2. The structure of different TREM-1 molecules across species have been studied and 
regardless of their transmembrane region, their ligand binding site is a common conservative 
region forming a loop binding domain created by a pair of disulfides bridges, one on each end 
of the loop. Applicants point to the attached publications Kelker et al. J. Mol Biol. 342: 1237, 
2004 and Ibid. J. Mol Biol 344:1175, 2004 in support of these statements. 

3. The enablement of the claimed therapeutic action of the composition having this 
binding ligand activity is supported by the data in Bouchonetal., Nature 410:1 103, 2001, 
and Gibot et al. , J Exp Med. 200:1419, 2004. The assumption of the examiner that a 
difference in the transmembrane region could jeopardize the therapeutic activity of the ligand 
binding sites does not have any supporting data in light of Kelker et al . studies mentioned 
above in 2., showing a common loop of binding sites to all TREM-1 molecules and in view 
of Gibot et al., J Exp Med. 200: 1419, 2004 whom created only a small peptide bearing 
binding ligand activity and in view of Bouchon et al. . Nature 410:1 103, 2001 whom created a 
soluble TREM-1. In both cases, as long as the binding sites are present there is binding 
ligand activity and thus a therapeutic action. 

4. One can practice the claimed invention because one can predict the therapeutic 
efficacy of the composition with TREM-1 ligand activity as long as it contains a portion of 
the TREM-1 SV (see amino acids 1-136 of SEQ ID NO:2) that provides a therapeutic action. 

5. One skill in the art can practice this invention based on the competitive inhibition, 
neutralization or enhancement mechanisms described in the specifications and in the art as 
practiced by Bouchon et al.. Nature 410: 1 103, 2001, and Gibot et al., J Exp Med. 200: 1419, 
2004. 

6. The sequence of the ligand binding site and the generation of a polypeptide for 
application use for therapy is well disclosed in this application. A person skilled in the art 
can find all the means to practice this invention to obtain a therapeutic action. 
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In light of the above, the claims are enabled and respectfully request that the rejection 

be withdrawn. 

The rejection of Claims 1, 3, 5, 7, 9 and 1 1-16 under 35 U.S.C. 102 (e) in view of US 
Patent 6,420,526 or US Patent 6,504,010 is respectfully traversed. . 

At the outset, one might ask why, since 1952, the patent statutes have specifically 
permitted the patenting of a new use for an " old process . . . composition of matter or 
material. (See 35 U.S.C. § 100(b)). Surely, an old process or composition of matter is already 
in the public domain. Yet, Congress deliberately chose to include as patentable subject 
matter the new use of an old process or composition of matter. One reason for this is the 
desire of our society to foster investigation of old processes and materials to find new uses 
therefor. 

There is no evidence of record that prior to Applicants' work, those skilled in the art 
targeted the ligand binding activity of TREM-1 to modulate immune responses in patients or 
even test animals. One must consider now many lives can be saved by knowing that such a 
composition may be used to treat immune conditions such as autoimmune diseases and septic 
shock. 

The Examiner should recognize that before a corporation can contemplate suggesting 
the use, commercially, of the composition as claimed for the purpose of modulating immune 
responses, it is quite likely that the corporation selling the composition for that purpose 
would seek Food and Drug approval for the new use. Obtaining Food and Drug approval is 
an extremely expensive process. Accordingly, absent the grant of a patent, or some form of 
exclusivity, a corporation would be naturally reluctant to expend the funds necessary to 
develop the new use invention and obtain FDA approval since there will be no way of 
recouping the investment. 
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Accordingly, the Congress saw fit to enact legislation which permits obtaining patents 

for new uses of old processes and compositions because the grant of the patent serves to 

stimulate research and development and to bring valuable, potentially life saving, products to 

market. 

Applicants' claims direct the invention specifically to the new use (method) of 
modulating immune function in a patient. Indeed, amended Claim 1 is concerned with the 
new use of modulating immune response. 

US Patent 6,504,010 describes a several hundred sequences, one of which is similar to 
TREM-lsv strictly for the purpose of treating cancer, generally and lung cancer, specifically. 

US Patent 6,420,526 is very vague patent. The '526 patent describes a sequence with 
no details in the specifications on which sequence of the molecule has a function. Functions 
are associated with translated proteins not with a EST DNA sequence. US Patent 6,420,526 
is a multiple EST sequence patent (186 all together) containing the sequence 159 that is the 
subject of this objection. Sequence 159 contains 6 paragraphs for a total of a little over one 
page. The description in patent 526 suggests a potential use to regulate the immune response 
but does not describe enough to reduce to practice without undue experiments such as which 
part of the molecule is relevant to practice the invention. To the contrary of our application, 
patent 526 description is 1) minimal with a lack of description on the molecule to use and its 
functional sites for someone to reduce this invention to practice. 2) There is no guidance or 
working evidence presented to support the rejection. 

The Federal Circuit's decision in Jansen v. Rexall Sundown Inc., 68 U.S.P.Q.2d 1154 
(Fed. Cir. 2003) resolves the prior art issues in this case and requires that the currently 
pending prior art rejections be withdrawn. 

In Jansen , the claims were directed to methods of treating or preventing macrocytic- 
megaloblastic anemia comprising administering effective amounts of folic acid and vitamin 
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B i2 to humans in need thereof. Jansen at 1 157. In interpreting these claims, the Federal 
Circuit ruled that the claims require the specific intent to achieve the claimed objective 
(treatment or prevention of macrocytic-megaloblastic anemia). Specifically, the Federal 
Circuit stated that: 

... the claim preamble sets forth the objective of the method, and the body of the 
claim directs that the method be performed on someone 'in need.' In both cases, the 
claims' recitation of a patient or a human 'in need' gives life and meaning to 
preambles. [Citation omitted]. The preamble is therefore not merely a statement of 
effect that may or may not be desired or appreciated. Rather, it is a statement of the 
intentional purpose for which the method must be performed . We need not 
decide whether we would reach the same conclusion if either of the 'treating or 
preventing' phrase or the 'to a human in need thereof phrase was not a part of the 
claim; together, however, they compel the claim construction arrived at by both 
the district court and this court . 

Jansen at 1 158 (emphasis added). The Federal Circuit further explained that: 

the '083 patent claims are properly interpreted to mean that the combination of folic 
acid and vitamin B12 must be administered to a human with a recognized need to treat 
or prevent macrocytic-megaloblastic anemia. 

Jansen at 1 158 (emphasis added). 

Thus, according to the Federal Circuit, claims directed to methods of treatment to be 

performed on those in need of such treatment require the specific intent to effect such 

treatment. 

In the present application, the pending claims are directed to methods of modulating 
immune response in an animal in need thereof by administering a composition in an amount 
effective to modulate TREM 1SV ligand binding activity. In accordance with the Federal 
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Circuit's decision in Jansen, these claims must be interpreted to require the specific intent to 
effect such immuno-modulatory activities. 

None of the cited art teaches or suggests such specific intent: that is, none of the prior 
art states that the composition, including a portion of SEQ ID NO:2 should be used in this 
manner. Moreover, none of the prior art constitutes a polypeptide or polypeptide mimetic- 
containing product for which advertisements, instructions and/or directions relate to 
modulating immune response as claimed. In view of such fatal deficiencies, the prior art 
cannot teach or suggest the claimed methods. 

To the Examiner's belief that the prior art inherently resulted in the claimed methods, 
thereby rendering such methods unpatentable, such an inherency argument is inapplicable in 
this case. 

In Jansen, the Federal Circuit discussed its earlier decision in Rapoport v. Dement, 
254 F.3d 1053 (Fed. Cir. 2001) (copy enclosed). In Rapoport, the claims were directed to 
methods of treating sleep apneas comprising administering an effective amount of an 
azapirone compound to a patient in need of such treatment. In Jansen, the Federal Circuit 
characterized its Rapoport decision as follows: 

We rejected [the argument that prior art disclosing treatment of a symptom of sleep 
apnea actually disclosed treatment of sleep apnea in Rapoport], stating, 'There is no 
disclosure in the [prior art reference that the compound] is administered to patients 
suffering from sleep apnea with the intent to cure the underlying condition. 9 Thus, the 
claim was interpreted to require that the method be practiced with the intent to 
achieve the objective stated in the preamble. 
Jansen at 1 157 (emphasis in original). 

In Rapoport, the Federal Circuit addressed the issue of inherency (that is, whether 
prior art related to treating symptoms of sleep apnea inherently anticipated the claimed 
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methods of treating sleep apnea). The Federal Circuit rejected this argument on two 
independent grounds. 

First, and most importantly, the Federal Circuit noted that prior art did not disclose 
administering the compound to patients suffering from sleep apnea. Rapoport at 1062. Thus, 
as noted in Jansen, the prior art did not disclose administering the compound to patients 
suffering from sleep apnea "with the intent to cure the underlying condition" Similarly, prior 
art which does not disclose utilizing a composition including a polypeptide or mimetic in an 
amount sufficient to modulate TREM-1SV ligand binding activity cannot inherently 
anticipate or render obvious the claimed invention. For this reason alone the prior art 
rejections are improper and should be withdrawn. 

The second independent ground was that it had not been demonstrated that the prior 
art regimen would necessarily result in treating sleep apnea even assuming such a regimen 
were administered to one suffering from sleep apnea. Rapoport at 1062-63. Similarly, and as 
set forth above, reproducing the cited prior art in this case would not necessarily result in 
practicing the claimed methods. For this reason as well the prior art does not inherently 
anticipate or render obvious the claimed invention. 

In view of the above, Applicant respectfully requests that the rejections under 35 
U.S.C. § 102 be withdrawn. 
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In view of the above, each of the presently pending claims in this application is 

believed to be in immediate condition for allowance. Accordingly, the Examiner is 

respectfully requested to pass this application to issue. 



Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
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Triggering receptor expressed on myeloid cells (TREM) 1 is an activating 
receptor expressed on myeloid cells whose ligand(s) remain elusive. 
TREM-1 stimulation activates neutrophils and monocytes and induces the 
secretion of pro-inflammatory molecules, which amplifies the Toll-like 
receptor-initiated responses to invading pathogens. In addition, TREM-1 
mediates the septic shock pathway and thus represents a potential 
therapeutic target. We report the crystal structure of the mouse TREM-1 
extracellular domain at 1.76 A resolution. The mouse extracellular domain 
is monomeric, consistent with our previous human TREM-1 structure, and 
strongly supports the contention that the globular TREM-1 head is a 
monomer contrary to proposals of a symmetric dimer. 

© 2004 Elsevier Ltd. All rights reserved. 

Keywords: crystal structure; activating receptors; TREM-1; innate immunity; 
immune system receptor 



The adaptive immune system is an antigen- 
driven and antigen-specific system whose 
germline-encoded receptors undergo further edit- 
ing and processing via clonal selection and expan- 
sion. Conversely, the innate immune system is 
comprised of germline-encoded, generic antigen 
receptors, which represent the first line of defense 
against invading pathogens. A family of such 
receptors expressed on myeloid cells, termed 
triggering receptor expressed on myeloid cells 
(TREMs) has been described, 1 ' 2 and one of them, 
TREM-1, is an important link between the innate 
and adaptive systems. 3 TREMs amplify a pathway 
involved in mediating the inflammatory response 
to microbial products; however, they lack direct 
signaling capabilities and must associate with the 
signaling molecule DAP12. 4 TREM-1 stimulation 
with lipopolysaccharides (LPS), activates neutro- 
phils and monocytes, and induces the secretion of 
pro-inflammatory chemokines, cytokines and 
adhesion molecules. Excessive release of such 
molecules is thought to initiate the onset of septic 
shock. 5 "" 8 Interestingly, TREM-1 expression is 
upregulated in patients with microbial sepsis and 
in mice with L PS-induced septic shock. 9 Indeed, 
blockage of TREM-1 halted the progression of this 



Abbreviations used: CDR, complementarity 
determining region; LPS, lipopolysaccharides. 
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deadly reaction and reduced mortality from 94% 
to 24%, for up to four hours after the outbreak 
of endotoxaemia. 9 TREM-1, shed from the 
membranes of activated phagocytes, was found in 
bronchoalveolar-lavage fluid of patients on venti- 
lators, and its presence was shown to be indicative 
of pneumonia. 12 Ligation of TREM-1 triggers the 
differentiation of primary monocytes into immature 
dendritic cells and increases expression of several 
antigen presenting molecules. In addition, TREM-1- 
derived dendritic cells stimulate T cells more 
efficiently. 3 ' 13 TREM-1 works synergistically with 
the Toll-like receptors and, although TREM-1 
ligands are unknown, it is thought to recognize 
bacterial products, as do other pattern recognition 
receptors. 3 

The TREM-1 structure is of interest because (1) it 
is key to understanding the molecular arid struc- 
tural principles that determine recognition of the 
still elusive TREM ligands and (2) TREM-1 is a 
potential target for the development of septic shock 
therapeutics. Recently, two crystal structures of 
human TREM-1 e were published. Radaev et al. 14 
describe the 2.6 A structure of a "domain-swapped 
dimer", whereas our laboratory, from a 1.47 A 
crystal structure and a combination of crystallo- 
graphy and biophysical measurements, conclus- 
ively demonstrated the monomeric solution state of 
the soluble human and mouse TREM-1 globular 
ectodomain. 15 However, to provide more insight 
into the structure and function of TREM, and to 
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facilitate species comparisons, we determined the 
crystal structure of the mouse TREM-1 (mTREM-1) 
immunoglobulin domain at 1.76 A resolution. 

The extracellular domain of mTREM-1, com- 
prised of N-terminal residues 21-134, was 
expressed as inclusion bodies in Escherichia coli, 
refolded in vitro by dialysis and purified by gel- 
filtration and anion-exchange chromatography (see 
Table 1). TREM-1 crystallizes in spacegroup P2i2 1 2 1 
(a =47.84 A, fc= 49.08 A and c= 125.21 A), with two 



monomers per asymmetric unit. The crystal struc- 
ture of the receptor was determined at 1.76 A by 
molecular replacement using atomic coordinates 
from the 1.47 A crystal structure of human TREM-1 
(hTREM-1, PDB code lsmo) 15 as a starting model. 
Initial 3F D — 2F C electron density maps were of 
excellent quality and facilitated the unambiguous 
building of residues 25-134 of monomers A and B. 
After eight iterations of model building and refine- 
ment, the final model consisted of 220 protein 



Table 1. Data processing and refinement statistics 



A. Data processing 

Resolution range (outer shell) (A) 
Unique reflections 
Completeness (%) 
Redundancy 

Ksym" (%) 

Average I /a (J) 

B. Refinement 

Resolution range (outer shell) (A) 
Reflections (test) 

w (%) 

Protein atoms 
Water molecules 
Coordinate error 0 (A) 
RMSD values 

Bond lengths (A) 

Bond angles (deg.) 

Dihedral angles (deg.) 
(B) values (A 2 ) 

Protein atoms 

Water molecules 
Ramachandran statistics 

Most favored (%) 

Additionally allowed (%) 

Generously allowed (%) 



50-1.76 (1.79-1.76) 
29,567 (1269) 
98.3 (87.2) 
6.3 (3.6) 
12.9 (59.5) 
39.8 (2.5) 

31.47-1.76 (1.81-1.76) 

27356 (1446) 

22.5 (37.8) 

24.8 (36.5) 

1786 

59 

0.11 

0.020 

1.68 

6.99 

23.6 
41.2 



88.8 
10.1 
1.1 



The plasmid pET-22b(+) (Novagen, Wi, USA), encoding residues 21-134 of mTREM-1, was transformed into E. coli BL21 (DE3) cells 
(Stratagene, C A, USA) and grown at 37 °C. After reaching an absorbance of 0.8 at 600 nm, recombinant expression was induced with 
1 mM IPTG for three hours. Cells were harvested by centrifugation. Inclusion bodies were purified and solubilized in 8 M urea, 10 mM 
Tris (pH 8.0), 100 mM NaH 2 P0 4/ diluted to 2 mg ml" 1 and dialyzed against 50 mM Tris (pH 8.0), 0.4 M arginine, 0.25 M NaCl, 1 mM 
EDTA, 1 mM GSH and 0.1 mM GSSG overnight at 4 °C. Refolded protein was then dialyzed against 10 mM Tris (pH 8.5), 5 mM 2- 
mercaptoethanol overnight at 4 °C and centrifuged to removed precipitated protein. Soluble, refolded protein was then purified by 
anion-exchange chromatography (Mono Q 10/10, Pharmacia) using a gradient (0-100%) in 10 mM Tris (pH 8.5), 5 mM 2- 
mercaptoethanol to 10 mM Tris (pH 8.5), 5 mM 2-mercaptoethanol, 1 M NaCl. The single, large peak containing the protein was purified 
to homogeneity by gel-filtration (Superdex 75 26/60, Amersham Pharmacia Biotech) into 20 mM Tris (pH 8.0), 250 mM NaCl, 1.0 mM 
EDTA. Typical yield was 20 mg of refolded protein from 1 1 of cell culture. Crystals of mTREM-1 Ig (50 mg ml" 1 ) grew from 100 mM 
Mes (pH 6.0), 22% (w/v) PEG 8K, 10 mM zinc acetate, at 4 °C, after two to three weeks using the sitting-drop, vapor-diffusion method. 
Crystals were flash-cooled to — 180 °C in cryoprotectant consisting of well buffer and 25% glycerol. A 1.76 A data set was collected on a 
single crystal at beamline 11-1 at the Stanford Synchrotron Radiation Laboratory ^SSRL). Data were processed and scaled with 
HKL2000. 24 The spacegroup is P2i2i2] with unit cell dimensions a =47.84 A, fc= 49.08 A and c= 125.21 A, and two mTREM-1 molecules 
per asymmetric unit (Vm=2.9 A /Da) corresponding to a solvent content of 57.7%. The mTREM-1 structure was determined by 
molecular replacement with Phaser 25 from the CCP4 2 * suite using the 1.47 A crystal structure of hTREM-1 (PDB code lsmo 15 ) as a 
starting model (R cryst =54.1%, £^=51.9%). An initial model was generated by performing a rigid body refinement (50-3.0 A) and 
simulated annealing (50-1.76 A) (^^=45.6%, R free —^9.2%) using the Crystallography and NMR System software package (CNS 
version 1.1 J. 27 Initial electron density maps were of excellent quality and facilitated manual construction of the mTREM-1 structure 
using O. 28 Further refinement to 1.76 A was performed in CNS. The model was further rebuilt into a A -weighted 3F 0 — 2F C and F 0 —F c 
electron density maps in O. Water molecules were assigned automatically in CNS at > 3a F 0 —F c difference density peaks and verified 
by manual inspection in O. After convergence in CNS (R cryst =29.8%, R free =33.7%), refinement was continued with REFMAC5 using 
TLS refinement and with riding hydrogen atoms. 29 Care was taken to keep the R^ test set intact during all refinement steps. Three zinc 
ions from the mother liquor were included in the first round of refinement in REFMAC5. The final model (R cryst =22.5%, Rf ree =24.8%; 
Table 1) is composed of 59 water molecules, three zinc ions and all residues in monomers A and B, except residues 21-24, which showed 
no interpretable electron density. The quality of the model was analyzed using the programs MolProbity, 30 WHAT IF 31 and 
PROCHECK. 16 All surface area calculations used the program SC 20 from the CCP4 suite with a probe radius of 1.7 A and a dot density of 
25. 

* Ksym = 52h £« \h(h) - </(ft))|/Z)/. Uh), where J,</i) is the ith measurement of the h reflection and (I(fi)> is the average value of the 
reflection intensity. 

b Rcryst= Z\F Q \ — \F C \/E\F 0 \, where F e and F c are the structure factor amplitudes from the data and the model, respectively. is 
Rcryst with 5% test set of structure factors. 
Based on maximum likelihood. 
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b) 




Figure 1. Stereoview of an overlay of mTREM-1 and comparison with other related immunoglobulin folds, 
(a) A ribbon diagram of the mTREM-1 structure determined here, (b) The mTREM-1 structure (cyan) has the 
expected V-set Ig domain fold seen in immunoglobulins (light blue, PDB code Imfa), T-cell receptors (green, PDB 
code Iter) and the human natural killer cell activating receptor, NKp44 (red, PDB code lhkf). The groove formed by 
0-hairpins formed by strands C-C' and F-G is more pronounced than those in IgG, TCR or activating receptor Ig 
domains. Furthermore, mTREM-1 lacks the disulfide bridge (C37-C45) present only in NKp44. (c) Stereoview of a C a 
trace of the previously published hTREM-1 structures from our laboratory (blue, Ismo), 15 Radeav et aL (lq8m, 
green), and our mTREM-1 structure (red). The orientation mTREM-1 overlays in b) and c) are identical with that in 
a). Disulfides are labeled yellow (for carbon) and green (for sulfur). This Figure, and all subsequent ribbon diagrams, 
were made with Bobscript 22 and Raster3D. 
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residues, three zinc ions from the mother liquor and 
59 water molecules, with R C ryst and Kfree values of 
22.5% and 24.8%, respectively (Table 1). Super- 
imposition of monomer A onto monomer B gave 
root-mean-square deviation (RMSD) values for 
mauvchain atoms and for all atoms of 0.23 A and 
0.41 A, respectively, for 110 of 110 residues. The 
model stereochemistry is typical at this resolution 
(Table 1), with 88.8% of the residues in the most 
favored regions, 10.1% in the additionally allowed 
region and two residues, Phel26 (from each mono- 
mer) in the generously allowed region of the 
Ramachandran plot. 16 

mTREM-1 (Figure 1(a)) is composed of nine p 
strands that comprise two anti-parallel (3-sheets in a 
P-sandwich, and three helices: an a-helix 
(a, residues 44r-49) between P-strands B and C and 
two 3i 0 helices, one (residues 91-93) between 
P-strands D and E and the other (residues 104- 
108), between P-strands E and F. The first P-sheet is 
composed of P-strands A, G, F, C and C, and 
the other consists of P-strands B, E, D and C". 
A hydrophobic core between P-sheets is composed 
of residues from strands B (Leu37 and Val39), C 
(Trp55), C" (Val80 and Met82), D (Phe85 and Leu87), 
E (Leu96 and Val98), F (Tyrlll and IlellS) and G 
(Del29 and Leul31). 

mTREM-1 maintains an overall structure that is 
homologous to other members of the Ig family 
(Figure 1(b) cyan), despite a low level of sequence 
identity with the extracellular domain of human 
NKp44 (31%, PDB entry lhkf, Figure 1(b) red), 
a mouse TCR V a domain (15%, PDB entry Iter, 



Figure 1(b) green) and a mouse IgG V H domain 
(15%, PDB entry lmfa, Figure 1(b) light blue). 
mTREM-1 lacks the extra stabilizing disulfide bond 
(Cys37-Cys45) present in the activating receptor 
NKp44. Furthermore, NKp44 contains a positively 
charged groove, 17 ' 18 formed between the P-hairpins 
of C-C' and G-F, and the external face of the 
AGFCC' P-sheet, which is 15 A long, 7 A deep and 
8 A wide, and lined with four basic residues, Arg47, 
His88, Arg92 and Argl06. The mTREM-1 groove is 
17 A long, 11 A deep and 7 A wide which, like the 
hTREM-1 structure, is narrower and deeper than 
that of NKp44. The largest difference between 
mTREM-1 and other V-type Ig domains are the 
two p-hairpins C-C' and G-F, which protrude from 
the Ig domain p-sandwich. 

Coordinates of mTREM-1, NKp44, the TCR V a 
domain and the IgG V H domain were subjected to 
structural analysis using the program DALI. 19 The 
DALI scores revealed similar structural homology 
of mTREM-1 with NKp44 (15.6; PDB entry lhkf), 
mouse IgG V H (12.7; PDB entry lmfa), mouse TCR 
V a (13.8; PDB entry Iter), human V59-Vy2 TCR V T 
(11.6; PDB code lhxm) and with itself as a control 
(25.9). The low RMSD values for the respective o core 
regions between mTREM-1 and NKp44 (0.75 A, 76 
of 110 C a ), mouse IgG V H (1-23 A, 74 of 110 C a ), 
mouse TCR V tt (1.29 A, 79 of 110 C a ) and human 
V59-Vy2 TCR V Y (1.23 A, 70 of 110 C a ) further 
confirm the close structural relationships among 
members of this subset of immunoglobulin super- 
family members, despite disparate biological 
functions. 





Figure 2. Contents of the mTREM-1 asymmetric unit of the crystal. The two proteins in the asymmetric unit are related 
by 2-fold non-crystallographic symmetry; however, given the monomeric state of the receptor, this pseudo-dimeric 
arrangement seems to be an artifact of crystal lattice formation, consistent with its relatively small buried surface area 
(254 A 2 ). 



Crystal Structure of Mouse TREM-1 



1179 



The mTREM-1 structure superimposes closely 
with the reported 1.47 A hTREM-1 structure from 
our laboratory (PDB entry Ismo; Figure 1(c)). 15 The 
RMSD values for all C a arid main-chain atoms 
(110 of 110 residues) were 0.98 A and 1.00 A, 
respectively. Comparison with the 2.6 A resolution 
TREM-1 structure 14 (PDB entry lq8m) structure 
reveals similar three-dimensional structures. RMSD 
values for C a and main-drain atoms (110 of 110 
residues) were both 1.77 A (Figure 1(c)). The 
structural differences of the F-G loop (Figure 1(c)) 
between our mTREM-1 structure and the 



previously published hTREM-1 structures suggests 
a region of flexibility that may be important for 
ligand recognition. The two mTREM-1 proteins in 
the asymmetric unit of the crystal form a pseudo- 
symmetrical dimer related by a non-crystallo- 
graphic 2-fold (Figure 2). However, given the 
wealth of biophysical data supporting a monomeric 
solution state for the globular ectodomain, 15 we are 
confident that this symmetrical arrangement is an 
artifact of crystallization, and is not representative 
of a biologically relevant dimer. Moreover, while the 
calculated shape complementarity index (S c ) 
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Figure 3. Electrostatic surface potential and conservation of surface residues of mTREM-1. Left, the surfaces and 
electrostatic potentials were generated in INSIGHTD (Molecular Simulations, Inc., San Diego, CA). Positive potential 
( > 10 mV) is blue, neutral potential (0 mV) is white and negative potential (—10 mV) is red. CDR-equivalent regions are 
marked by an oval. Right: Accessible surface area representation and ribbon diagram of the mTREM-1 Ig domain was 
generated using PyMOL (http://pymol.sourceforge.net/). Residues with 100% identity between the human, mouse, 
cow and pig TREM-1 sequences are colored green. The "Front" orientation is equivalent to that of Figure 1(a). 
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Figure 4. Sequence alignment of human, pig, mouse and cow TREM-1 extracellular immunoglobulin domains. Mouse 
TREM-1 was aligned with all known members of the TREM-1 family. Complete sequence conservation is labeled white 
within a red background. The sequences of the CDR-equivalent loops are boxed in black. 



between monomer A and B was relatively good 
(0.69), 20 relatively little (4.5%, 254 A 2 ) of the total 
surface area of each monomer is buried in this 
interface. Finally, although we have observed two 
monomers in the asymmetric unit of the crystal for 
hTREM-1, 15 our data do not eliminate other 
possible homo-dimeric associations upon ligand 
binding when TREM-1 is attached to its membrane 
tether. 

The structural data presented here do not, 
unfortunately, allow for very informed speculation 
on precise ligand binding sites or on potential 
ligands; however, several interesting aspects of the 
structure warrant discussion. Surfaces and electro- 
static potentials were calculated with INSIGHTII 
(Molecular Simulations, Inc., San Diego, CA) in an 
attempt to identify the region on mTREM-1 that 
might be responsible for interaction with potential 
ligands (Figure 3, electrostatic surfaces). mTREM-1 
recognition of its cognate ligand using antibody- 
equivalent complementarity determining region 
(CDR) loops was suggested initially by Radaev 
et ol. The CDR-equivalent regions of mTREM-1 are 
almost entirely basic, unlike those of hTREM-1, 
which contain patches of positive and negative 
charges. 15 Intriguingly, TREM-2 has been shown to 
bind poly ionic macromolecules. 21 If the CDR- 
equivalent regions directly, or indirectly, via a 
carrier molecule like CD14, recognize charged 
portions of bacterial products like LPS, then this 
basic region would be well suited for recognition of 
negatively charged groups, such as the LPS phos- 
phate moieties. However, this role is potentially 
offset by the lack of conserved residues in the 
CDR-equivalent region (Figure 4). 

Residues conserved 100% between human, pig, 
cow and mouse TREM-1 were mapped to the 
TREM-1 accessible surface area and colored green 
(Figure 3, right surface and ribbon diagram). While 
TREM-1 immunoglobulin domains are 35% iden- 
tical by amino acid sequence, no large clusters of 
conserved residues are visible on the surface that 
would represent an obvious binding or interface 
site. The underside of the P-sandwich (Figure 3, 



right, bottom surface) and the CDR-equivalent 
regions of the TREM-1 molecules have less con- 
servation than the corresponding top and side faces 
opposite the CDR-equivalent face. Interestingly, the 
only correlation between conserved surface acces- 
sibility and electrostatic potentials is a diagonal 
strip of hydrophobic residues that traverse the back 
of the molecule (Figure 3, back orientation). 

In summary, mTREM-1 is likely a monomer in 
solution and superimposes closely with the pre- 
viously reported hTREM-1 structures. Given the 
lack of conserved residues in the CDR-equivalent 
regions, it is unlikely that they will play a major role 
in direct recognition of TREM-1 ligands. 



Protein Data Bank accession code 

Coordinates and structure factors have been 
deposited in the Protein Data Bank under the 
accession code lu9k. 
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The triggering receptor expressed on myeloid cells (TREM) family of single 
extracellular immunoglobulin receptors includes both activating and 
inhibitory isoforms whose ligands are unknown. TREM-1 activation 
amplifies the Toll-like receptor initiated responses to invading pathogens 
allowing the secretion of pro-inflammatory chemokines and cytokines. 
Hence, TREM-1 amplifies the inflammation induced by both bacteria and 
fungi, and thus represents a potential therapeutic target. We report the 
crystal structure of the human TREM-1 extracellular domain at 1.47 A 
resolution. The overall fold places it within the V-type immunoglobulin 
domain family and reveals close homology with Ig domains from 
antibodies, T-cell receptors and other activating receptors, such as 
NKp44. With the additional use of analytical ultracentrifugation and *H 
NMR spectroscopy of both human and mouse TREM-1, we have 
conclusively demonstrated the monomeric state of this extracellular 
ectodomain in solution and, presumably, of the TREM family in general. 

© 2004 Elsevier Ltd. All rights reserved. 

Keywords: crystal structure; activating receptors; TREM-1; innate immunity; 
immune system receptor 



Introduction 

During the initial stages of microbial infection, 
the host initiates an innate immune response to 
slow pathogen proliferation while the adaptive 
T- and B-cell responses are activated and matured. 
Monocyte and macrophage cells of the innate 
immune system lack the highly diverse repertoire 
of B- and T-cell receptors that define cells of the 
adaptive immune system. Instead, they express a 
variety of activating and inhibitory cell surface 
receptors, which have similarity in their extra- 
cellular region or ectodomains, but lack any 
cytoplasmic signaling domains. In order to trans- 
duce a signal, they must first associate with 
transmembrane adaptor proteins, such as DAP12, 
CD3£ and FcRy, which contain immunoreceptor 
tyrosine-based activation motifs (ITAMs). Several 
immunoglobulin (Ig)-like activating receptor 



Abbreviations used: rmsd, root-mean-square deviation; 
ITAMs, immunoreceptor tyrosine-based activation 
motifs; Ig, immunoglobulin; TREMs, triggering receptor 
expressed on myeloid cells; Ig-SF, Ig superfamily; HIM, 
immunoreceptor tyrosine-based inhibitory motif; MAD, 
multi-wavelength anomalous dispersion. 

E-mail address of the corresponding author: 
wilson@scripps.edu 



systems have been characterized and include the 
paired immunoglobulin receptors, 1 ' 2 NKp44 3 
human natural killer cell receptor and the SHPS-1 
family. 4 Recently, a new family of receptors 
expressed exclusively on myeloid cells, termed 
triggering receptor expressed on myeloid cells 
(TREMs), was described 5 ' 6 and, as for NKp44, 
have only one Ig-like domain, which differentiates 
them from other multiple Ig-like domain activating 
receptors. 

The various isoforms of the TREM family share 
low sequence identity to each other and to other 
members of the Ig superfamily (Figure 1). TREM-1 
is expressed by neutrophils and monocytes/ macro- 
phages and is a crucial mediator of septic shock and 
amplification of inflammatory responses to 
bacteria. 5 ' 7 ' 8 TREM-2 is expressed by immature 
dendritic cells where it stimulates nitric oxide and 
regulates the development and function of den- 
dritic cells, microglia and osteoclasts. 9 ' 10 Defects in 
human TREM-2 expression result in Nasu-Hakola 
disease, a rare condition causing bone cysts and 
presenile dementia. 11 ' 12 Murine TREM-3 is 
expressed in mouse macrophages, is upregulated 
in response to lipopolysaccharides and, like 
TREM-2, stimulates the release of nitric oxide. 13 In 
humans, however, TREM-3 is a pseudogene. 13 
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Figure 1. Sequence alignment of the extracellular immunoglobulin domains in members of the TREM family and 
summary of constructs used in this study. Human TREM-1 was aligned with all known members of the TREM family. 
Secondary structure assignments correspond to human TREM-1. Complete sequence conservation is labeled white in 
red background, whereas red letters correspond to > 60% sequence homology. The intrachain disulfide bridge cysteines 
and their flanking consensus sequences are boxed in black. Strand A' is not visible in monomer B. Sequences for the 
mouse and human TREM-1 Full Ig domains are italicized. The four N-terminal residues not included in the hTREM-1 Ig 
domain and Ig domain -I- stalk constructs are underlined. 



TREM-1 is an important direct link between 
innate and adaptive immunity. 14 Indeed, ligation 
of TREM-1 triggers the differentiation of primary 
monocytes into immature dendritic cells by stimu- 
lating the production of tumor necrosis factor-ot and 
granulocyte/macrophage colony stimulating factor. 
TREM-1 also increases expression of antigen pre- 
senting molecules, CD86 and MHC Class II. More- 
over, TREM-1 derived dendritic cells more 
efficiently present antigen to naive T-cells and 
stimulate interferon-y production by T H 1 cells. 15 
Therefore, TREM-1 likely plays a role in both the 
adaptive and innate immune responses. Although 
no specific ligands have yet been identified, indirect 
evidence suggests that TREM-1 can recognize either 
bacterial products, similar to other pattern recog- 
nition receptors, or protein ligands. Thus, TREMs 
may work synergistically with the Toll-like recep- 
tors to sense and respond to microbial infections. 

Upon LPS stimulation, TREM-1 activates neutro- 
phils and monocytes and induces the secretion of 
inflammatory cytokines, adhesion molecules, mye- 
loperoxidase (neutrophils) and monocyte chemo- 
attractant protein (MCP-1, monocytes). TREM-1 
expression is upregulated in patients with microbial 
sepsis and mice with LPS-induced septic shock. 7 
Moreover, when infected mice were treated with a 
TREM-1 extracellular domain — IgG F c fusion 
protein, cytokine production was reduced and 
mortality fell from 94% to 24%. More importantly, 
this protection was effective up to four hours after 
infection. 7 Hence, TREM-1 has been implicated as a 
mediator of septic shock, which is caused by an 
excessive inflammatory reaction. 16 17 More recently, 
soluble TREM-1 found in bronchoalveolar-lavage 
fluid of patients on ventilators was demonstrated to 



be a clear indication of bacterial or fungal 
pneumonia. 18 

Human TREM-1 (hTREM-1) consists of an extra- 
cellular region of 194 amino acid residues (aa), a 
membrane spanning domain (29 aa) and a cyto- 
plasmic tail (5 aa), with no signaling motifs. The 
extracellular Ig domain shows low sequence hom- 
ology to members of the Ig superfamily (Ig-SF) and 
contains the motif Asp-X-Gly-X-Tyr-X-Cys, which 
corresponds to the signature of a V-type Ig 
domain. 519 The Ig ectodomain is connected to the 
transmembrane region by an ~ 60 residue, proline- 
rich linker containing three N-glycosylation sites, 
which account for the difference between the 
apparent molecular mass (~30kDa) versus 
the predicted protein molecular mass (26 kDa). 5 
The transmembrane region contains a single Lys 
residue which is involved in the association of 
TREMs with the signal transducing molecule, 
DAP12. The DAP12 homodimer possesses 
immunoreceptor tyrosine-based activation motifs 
(ITAMs) in its cytoplasmic domains and associates 
with TREM-1 via formation of a salt-bridge with 
an Asp residue in the transmembrane portion of 
DAP12. 5 ' 20 Interestingly, the TREM gene cluster also 
encodes TREM-like transcripts (TLX) 1, 2 and 3, 
each of which contains an immunoreceptor tyro- 
sine-based inhibitory motif (ITIM) in their cyto- 
plasmic tails that may cause them to function as 
TREM inhibitors. 21 ' 22 

The structure of TREM-1 is of particular interest 
for several reasons. The structure of TREM-1 is key 
to understanding the molecular and structural 
principles that determine recognition of the still 
elusive TREM ligands and to define the unique 
functions that may depend on the oligomerization 
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state of this activating receptor Moreover, TREM-1 
is a potential target for the development of septic 
shock therapeutics. Thus, we have determined the 
crystal structure of human TREM-1 at 1.47 A 
resolution. Comparison of the TREM-1 structure 
to other members of the Ig-V type fold demon- 
strates a close structural relationship, despite very 
low sequence identity and disparate functions. 
Furthermore, this structural study, coupled with 
rigorous biophysical characterization of both 
human and mouse TREM-1, clearly demonstrates 
the monomeric nature of the globular ectodomain 
of this receptor which differs from the conclusions 
of a previous structural study. 23 



Results and Discussion 



Structure determination 

The extracellular domain of hTREM-1, comprised 
of N-terminal residues 21-139 (Figure 1), was 
expressed as inclusion bodies in Escherichia coli, 
refolded in vitro by dialysis and purified by gel 



filtration and anion exchange chromatography (see 
Materials and Methods). hTREM-1 crystallizes o in 
spacegroup P6i (a = b = 110.94 A and c= 46.84 A), 
with two monomers per asymmetric unit. The 
crystal structure of the receptor was determined at 
1.47 A by the multi-wavelength anomalous dis- 
persion (MAD) method using the anomalous signal 
from five selenomethionine residues. Initial 3F D — 
ZF C electron density maps were of excellent quality 
and facilitated the unambiguous building of resi- 
dues 21-133 of monomer A and 26-135 of monomer 
B. After 14 iterations of model building and 
refinement, the final model consisted of 223 protein 
residues, one tartrate molecule from the mother 
liquor and 175 water molecules, with Rcyst and Rfree 
values of 19.5% and 21.2%, respectively (Table 1). 
Four residues, Ser 50 and Ser 51 of molecule A and 
Cys 41 and Cys 113 of molecule B, were found to have 
alternative side-chain conformations. Occupancies 
for each conformer were set to 0.5. Superimposition 
of monomer A onto monomer B gave root-mean- 
square deviations (rmsd's) for main-chain and all 
atoms of 0.81 A and 1.18 A, respectively. These 
relatively high rmsd values are due to significant 



Table 1. Data processing and refinement statistics for hTREM-1 Ig domain 



Data collection 



SeMet 






Native 


0.9795 
50-2.05 (2.12-2.05) 
38,108 (3792) 
95.5 (93.8) 
6.3 (17.3) 
33.9 (9.1) 
2.9 (2.7) 


0.9797 
50-2.05 (2.12-2.05) 
38359 (3813) 
96.3 (94.7) 
5.9 (19.8) 
33.0 (7.1) 
2.9 (2.7) 


0.9537 
50-2.05 (2.12-2.05) 
37,760 (3740) 
94.7 (93.2) 
5.6 (26.4) 
27.1 (4.1) 
2.6(2.6) 


1.0000 
50-1.46(1.49-1.46) 
55,408 (1408) 
96.7 (49.9) 
5.7 (45.2) 
46.3 (3.0) 
4.2 (2.9) 


0.40 
0.66 


Space group =P6 l 






22.03-1.47 (1.51-1.47) 








55,408/2,798 








19.5/21.2 
223/1,823 








175 
0.037 








0.016/1.95/6.62 








93.4/5.6/0/1.0* 









Wavelength (A) 
Resolution range (A) a 
Unique reflections 
Completeness (%) 

Rsym (%) b 

Average I/cr(I) 
Redundancy 
Overall FOM 
After SOLVE 
After RESOLVE 
Refinement 
Resolution range (A) 
(outer shell) 
Number of reflections/ 

test set 
R^t (%)/Rfc^ (%) c 
Number of residues/ 

protein atoms 
Number of waters 
Coordinate error (A) d 
rmsd from ideality 
Bonds (A)/angles (°)/ 

dihedrals (°) 
Ramachandran plot 

Most favored/ 

additional allowed- 

most generously 

allowed / disallowed 

(%) 

Average B-values (A 2 ) 
Protein/ water mol- 
ecules . 

• Numbers in parenthesis refer to the highest resolution shell. 

b Ksy«n = 100 X) E IttW - WOW E l{h). where I,{h) is the ith measurement of the h reflection and {1(h)) is the average value of the 
reflection intensity. 

e Kciyst = E l f ol - IFJ'E \f o\> where F 0 and F c are the structure factor amplitudes from the data and the model, respectively. Rfree is 
R™ t with 5% of test set structure factors. 
■ Based on maximum likelihood. 

' This 1.0% in disallowed regions corresponds to only one residue (Ser 77 ), but in a well-defined Type II 3-turn (see the text). 



20.5/31.9 
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deviations localized to the C-C' and F-G loop 
structures and to various alternative side-chain 
rotamer conformations. The model stereochemistry 
is good (Table 1), with 93.4% of the residues in the 
most favored regions and one residue, Ser 77 , in the 
disallowed region of the Ramachandran plot. 24 
However, the electron density for Ser 77 is excellent 
and locates the Ser (<p = 75°, ^ = 140°) to a tight type 
II P-turn between strands C' and C". Furthermore, 
Ser 77 is not conserved within the TREM family, or in 
the human natural killer cell receptor, NKp44. 

Comparison with lg domain family members 

TREM-1 (Figure 2(a) and (b), cyan) maintains an 
overall structure that is homologous to other 
members of the Ig family, despite low sequence 
identity with the extracellular domain of human 
NKp44 (27.6%, PDB entry Ihkf, Figure 2(b), red), 
the mouse 2C TCR V a domain (15.6%, PDB entry 
Iter, Figure 2(b), green) and a mouse IgG V H 
domain (12.9%, PDB entry Imfa, Figure 2(b), light 
blue). The 3i 0 helix between E and F of TREM-1 is 
longer than that in the TCR V a and comparable in 
size to that in human NKp44. TREM-1 lacks the 



extra stabilizing disulfide bond (Cys 3 -Cys 5 ) pre- 
sent in the activating receptor NKp44. Furthermore, 
NKp44 contains a positively-charged groove, 25 ' 26 
formed between the p-hairpins of C-C' and G-F, 
and the externa^ face of the AGFCC' 3-sheet, which 
is 15 A long, 7 A deep and 8 A wide, and lined with 
four basic residues, Arg 47 , His 88 , Arg 92 and Arg. 106 
The largest difference between TREM-1 and other 
V-type Ig domains are the two P-hairpins, C-C' and 
G-F which protrude from the Ig o domain (3- 
sandwich. The TREM groove is 17 A long, 10 A 
deep and 6 A wide, which is narrower and deeper 
than that of NKp44. Comparison with the pre- 
viously published TREM-1 at 2.6 A resolution 23 
(PDB entry lq8m) structure reveals a similar three- 
dimensional structures (raisd of all atoms and Ca 
atoms (110 of 110) 1.99 A and 1.58, respectively) 
(Figure 3), but with significant deviations in the G-F 
loop which represent a potential region of plasticity. 

Coordinates of TREM-1, NKp44, the TCR V a 
domain and the IgG V H domain were submitted for 
structural analysis using the program DALI 27 The 
DALI scores revealed similar structural homology 
of TREM-1 with NKp44 (15.4; PDB entry lhkf), 
mouse IgG V H (12.4; PDB entry lmfa), mouse TCR 



(a) hTREM-1 




l-term 



Figure 2. Stereoview of an overlay of hTREM-1 and comparison with other related immunoglobulin folds, (a) A ribbon 
diagram of the hTREM-1 structure determined in our study, (b) The TREM-1 structure (cyan) has the expected V-set Ig 
domain fold seen in immunoglobulins (light blue, PDB code lmfa), T-cell receptors (green, PDB code Iter) and the 
human natural killer cell activating receptor, Nkp44 (red, PDB code lhkf). The groove formed by ^-hairpins formed by 
strands C-C' and F-G is more pronounced than those in IgG, TCR or activating receptor Ig domains. Furthermore, 
hTREM-1 lacks the disulfide bridge present only in NKp44. Disulfides are labeled yellow (for carbon) and green (for 
sulfur). This figure and all subsequent ribbon diagram were made with Bobscript 45 and RasterSD. 46 
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Figure 3. Stereoview of an overly of hTREM-1 from this study and the previously published TREM-1 structure. 
Stereoview of a C a trace of the previously published TREM-1 structure 23 (pink) and our hTREM-1 structure (blue). 
Strands are labeled as in Figure 2(a). 



V a (12.9; PDB entry Iter), human V59-Vy2 TCR V Y 
(10.8; PDB code lhxm) and with itself as a control 
(25.3). The rmsd for the respective core regions (57 
Ca) between TREM-1 and NKp44 (0.72 A), mouse 
IgG V H (0.98 A) and mouse TCR V a (0.89 A) further 
confirms the close structural relationships among 
members of this subset of Ig-SF family members 
despite disparate biological functions (Figure 2). 

TREM-1 ectodomain is a monomer 

The web-based program Jpred 28 predicted the 
first several amino acid residues of the TREM-1 
coding sequence to be unstructured and were, 
therefore, removed from our construct to increase 
the likelihood of success in the crystallization 
experiments. The two TREM-1 molecules in the 
asymmetric unit pack with the N and C terrnini 
oriented in the same direction (Figure 4). This 
interaction is asymmetric with no 2-fold NCS in 
which molecule A is rotated ~90° relative to B and 
only the first three residues (strand A) of molecule 
A hydrogen bond to p-strand B of molecule B. There 
was no interpretable electron density for the first 
five N-terminal residues of molecule B. Although 
these two monomers make extensive crystal pack- 



ing contacts with other symmetry-related molecules 
in the crystal, none of these interactions are 
symmetric or suggestive of a biologically-relevant 
oligomer. Furthermore, while the calculated shape 
complementarity index (Sr) between monomer A 
and o B was good (0.70), 2 * relatively little (10%, 
655 A 2 ) of the total surface area of each monomer 
is buried in this interface. 

It is possible that the unusually high protein 
concentrations (50-100 mg ml" 1 ) used in crystal- 
lization experiments resulted in a non-natural 
oligomeric state. However, during purification, 
TREM-1 Ig (residues 21-139, MW 13.7 kDa) existed 
as an 11.4 kDa monomer as observed by gel 
filtration (Figure 5(a), brown). The hTREM-1 Ig-h 
stalk (residues 21-194, MW 19.9 kDa) eluted as a 
~ 35 kDa protein (Figure 5(a), black) but its beha- 
vior was altered, due to its helical stalk region, that 
permitted protein flow around matrix beads, not 
through them, thus reducing the retention time. 

To more rigorously assess the solution state of the 
TREM-1 Ig domain and hTREM-1 Ig+ stalk, we 
used sedimentation equilibrium and sedimentation 
velocity analytical ultracentrifugation over a broad 
range of protein concentrations (0.5-15 mg ml -1 ). 
Sedimentation equilibrium scans of lysozyme were 




Figure 4. Stereoview of the contents of the crystal asymmetric units in this study and the previously published 
TREM-1 structure. 23 An overlay of the "domain-swapped dimer" (pink) and the two molecules (blue) observed in the 
asymmetric unit in this study. Clearly, the arrangement of the two monomers differs and is asymmetric in our study and 
symmetric in the "domain-swapped dimer". Strands are labeled as in Figure 2(a). 
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liTREM-1 I» 
hTREM-1 lg + stalk 
hTREM-1 Full lg 
mI KKM-1 Full lg 
Lj-sozyme 
AT1C 




1.80 6.85 6.90 6.95 7.00 7.05 7.10 7.15 
Radial position (cm) 



(0 



7.0S 7.10 7.15 

Radial position (cm) 




7.00 7.05 7.10 7.15 5.95" 7.00 7.05 7.10 

Radial position (cm) Radial position (cm) 

Figure 5. Biophysical studies of hTREM-1 lg and full length proteins demonstrate monomeric nature, (a) Gel nitration 
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Figure 6. Ribbon diagram of the published homo- 
dimeric hTREM-1 structure. Strands A and A' are 
involved in a "domain swap." The four N-terminal 
amino acid residues absent in our construct comprise 
0-strand A. Postulated binding sites that comprise the 
antibody equivalent complementarity determining 
regions (CDRs) are colored red and labeled. This figure 
was adapted from Figure 3 of Radaev et al. 23 PDB code 
lq8m. Disulfides are labeled as in Figure 2. 



best fit using a single species fit which yielded a 
molecular mass of 15,120 Da, close to the calculated 
mass of 14,400 Da (data not shown). Velocity data 
analyzed by the c(s) method 30 gave Svedberg values 
(Figure 5(b)) of 1.65 for the hTREM-1 Ig domain and 
1.90 for the hTREM-1 Ig + stalk protein, also 
suggestive of monomeric states. For comparison, 
S-values of lysozyme (14,400 Da) and the bifunc- 
tional human aminoimidazole carboxamide ribo- 
nucleotide transformylase/IMP cyclohydrolase 
(ATIC), an -128,000 Da dimer, were 1.8 and 6.0, 
respectively. The sedimentation equilibrium pro- 
files of hTREM-1 Ig (Figure 5(c)) and hTREM-1 Ig+ 
stalk (Figure 5(d)) proteins were best fit using single 
species models giving molar masses of 13,438 Da 
for the Ig domain and 20,206 Da, for the full length 
protein, in excellent agreement with their respective 
calculated monomer masses of 13,736 Da and 
19,882 Da. Therefore, we concluded that our 
hTREM-1 construct is a monomer in solution. 

Recently, the crystal structure of o the human 
TREM-1 extracellular domain at 2.6 A was pub- 
lished in which a "domain-swapped" homodimer 
was proposed (Figure 6; PDB code lqSm). 23 The 
first seven amino acid residues (16-22), including 
the initiating methionine and the four N-terminal 
amino acid residues that were not present in our 
construct, are involved in the domain swap, such 



that strand A (including the initiating methionine 
and next four residues) of one monomer hydrogen 
bonds with strand B of its opposing monomer. 
Strand A' then bonds to the G strand of the 
opposing (3-sheet before continuing with the 
canonical hydrogen bonding to strand G' of its 
own (3-sheet. In our TREM-1 structure, strand A' 
forms the canonical hydrogen bonds to strand G in 
the same domain. This TREM-1 "domain-swapped" 
dimer also has good surface complementarity, S c = 
0.67, but with a much more extensive buried surface 
area of ~ 1700 A 2 , corresponding to about 25% of 
the total monomer surface. The dimer buried 
surface area is still substantial (~1000 A 2 ), even 
when the first five amino acid residues, including 
the initiating methionine, are removed to re-create 
the actual N-terminal truncation in our construct. 
The dimer interface is stabilized by hydrogen 
bonds, hydrophobic interactions and two inter- 
molecular salt bridges between Asp 60 to Arg 72 and 
Glu 62 to His 123 , whereas we observed an intra- 
molecular salt bridge between Glu 62 and Arg 128 in 
molecule B. The presence of this "domain-swapped 
dimer" could be partially attributed to the signifi- 
cantly higher crystallization salt concentrations 
(2.1-2.4 M ammonium sulfate), that would help 
mediate hydrophobic interactions in addition to 
fortuitous complementarity of the charged residues 
involved in these intermolecular salt bridges. Given 
the extent of the buried surface area and the 
extensive nature of the intermolecular interactions 
at the dimer interface, it was surprising that we 
failed to observed this dimer in our structural 
studies. Hence, to address the possibility that the 
four N-terminal amino acid residues absent from 
our construct were responsible for dimer formation, 
we used ID *H NMR, gel filtration and analytical 
ultracentrifugation on both human and mouse 
TREM-1 full Ig domains to ascertain the oligomeric 
nature of these longer constructs. 

To probe the solution state of the TREM-1 full Ig 
domains (residues 17-139) and assess the effect of 
pH on the oligomerization state, measurements of 
the transverse relaxation times (T2) of the amide 
protons were carried out using a ID 1 H one-one 
spin echo experiment 31,32 at various pH values in 
the range from 5.5 to 8.5. At different lengths of the 
echo delay (100 us and 2.9 ms), the intensity of the 
amide proton signals were differently modulated so 
as to enable a determination of the transverse 
relaxation time. The intensities of 10 separated 
amide resonances between 8.0 and 10.4 ppm were 
used to extract an average T 2 relaxation time 
(Table 2). At pH 5.5, the average T 2 relaxation 
times for the human and mouse proteins were 
18.0 ± 2.4 ms and 17.0 ± 1.6 ms, respectively. For 



(Superdex 75 10/30) of hTREM-1 Ig (residues 21-139, M r 13.7 kDa, brown), Ig + stalk (residues 21-194, M r 19.9 kDa, 
black), hTREM-1 (residues 17-139, M r 14.2 kDa, green) and mTREM-1 (residues 17-139, M r 14.0 kDa, red) Full Ig domain 
proteins. Molecular weight standards are in blue, (b) Sedimentation velocity of hTREM-1 Ig, hTREM-1 Ig + stalk, 
hTREM-1 full Ig, mTREM-1 full Ig, lysozyme (M r 14.4 kDa, blue) and ATIC (M r 128 kDa, dimer, cyan). Equilibrium 
analytical ultracentrifugation of (c) hTREM-1 Ig, (d) hTREM-1 Ig+ stalk, (e) hTREM-1 full Ig and (0 mTREM-1 full Ig. 
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Table 2. Values for amide proton transverse relaxation times T 2 



Protein 



Molecular mass (Da) 



Concentration (mM 
(mgml- 1 )) 



pH 



Average l H N T 2 (ms) 



Lysozyme 
mTREM-1 full Ig 
hTREM-1 full Ig 
Lysozyme 
mTREM-1 full Ig 
hTREM-1 full Ig 
Lysozyme 
mTREM-1 full Ig 
hTREM-1 full Ig 
Lysozyme 
mTREM-1 full Ig 
hTREM-1 full Ig 



14,400 
13,994 
14,205 
14,400 
13,994 
14,205 
14,400 
13,994 
14,205 
14,400 
13,994 
14,205 



2.0 (30) 
2.0 (30) 
1.4 (20) 
2.0 (30) 
2.0 (30) 
0.7 (10) 
2.0 (30) 
2.0 (30) 
2.0 (30) 
2.0 (30) 
2.0 (30) 
2.0 (30) 



5.5 
6.5 
7.5 
8.5 



15.6±1.8 
17.0±1.6 

18.0 ±2.4 
16.9 ±3.1 
17.9 ±2.2 

18.8 ±2.7 

11.1 ±1.0 
14.7±1.0 
15.2±1.2 

10.9 ±1.4 
U.9±0.9 
13.6±1.6 



comparison, 1750230116, which is known to be a 
monomer in solution with molecular weight 
14,400 Da, 33 " 35 had an average T 2 relaxation time 
of 15.6 ± 1.8 ms. Similarly at pH 6.5, human and 
mouse TREM-1 had average T 2 relaxation times of 
18.8 + 2.7 ms and 17.9±2.2ms, respectively, as 
compared to 16.9 ± 3.1ms for lysozyme. Spectra 
taken at pH 7.5 yielded T 2 relaxation times for 
human and mouse TREM-1 and lysozyme of 15.2 ± 

I. 2 ms, 14.7+1.0 ms and 11.1 + 1.0 ms, respectively. 
Finally, at pH 8.5, the average T 2 relaxation times for 
human and mouse TREM-1 were 13.6 ±1.6 ms and 

II. 9+ 0.9 ms, respectively, as compared to 10.9 ± 
1.4 ms for lysozyme. Thus, as assessed by NMR, the 
TREM-1 proteins in solution are monomeric and 
show no pH dependent higher-order association. 

As assessed by gel filtration, both human and 
mouse TREM-1 full Ig domains eluted at 12.1 kDa 
and 15.1 kDa, respectively, that approximates their 
expected monomeric size of ~ 14 kDa (Figure 5(a)). 
In addition, the sedimentation equilibrium scans of 
the human (Figure 5(e)) and mouse (Figure 5(0) 
proteins were best fit using single species models 
giving molar masses of 13,594 Da for the human 
and 13,259 Da, for the mouse proteins, again, in 
close agreement with their respective calculated 
masses of 14,205 Da and 13,994 Da. Sedimentation 
equilibrium scans of lysozyme were also best fit 
using single species fits which yielded a molecular 
mass of 15,120 Da, close to the calculated mass of 
14,400 Da (data not shown). Furthermore, sedimen- 
tation velocity experiments gave c(s) distributions 
with a single large peak corresponding to a 
Svedberg value of 1.55 for both the human and 
mouse TREM-1 full Ig domains, also suggestive of 
monomeric solution states (Figure 5(b)). The 
S-values of two control proteins, lysozyme and 
ATIC were 1.8 and 6.0, respectively. Moreover, 
although asymmetric homodimers are possible, 36 
they are extremely rare in biological systems. 
Hence, when taken together, the biophysical and 
crystallographic evidence presented here, strongly 
suggest that in solution the globular head of the 
TREM-1 ectodomain is monomeric. Its oligomeric 
status could certainly be influenced when the intact 
receptor is embedded in the membrane of the cell 



surface or on ligand engagement, as observed for 
other cell membrane receptors, such as the Erythro- 
poietm receptor. ^° 

Biological implications 

Surfaces and electrostatic potentials were calcu- 
lated with INSIGHTII in an attempt to identify the 
region on TREM-1 that might be responsible for 
interaction with potential ligands; however, no such 
region could be identified. The predicted isoelectric 
point for the extracellular domain of TREM-1 is 
7.15, which mirrors the overall dispersed surface 
electrostatic potentials, in that there is no specific 
localization of electrostatic charge that would 
suggest a potential ligand binding site (Figure 7). 
The structural differences of the F-G loop (Figure 3) 
between our hTREM-1 model and the previously 
published model suggests an area of flexibility 
which may move in response to ligation. 

The unique "head-to-tail" dimer of the pre- 
viously published TREM-1 structure predicts two 
separate ligand binding sites comprised of the 
equivalent CDR binding loops (Figure 6). However, 
given the likely monomeric state of TREM-1, and 
presumably of the TREM family, this bi-valent 
recognition mode is highly unlikely. Our data do 
not, however, eliminate possible homo-dimeric 
association upon ligand binding or of the mem- 
brane tether, as discussed above. While data 
presented here do not allow for more informed 
speculation on ligand binding sites, TREM-1 recog- 
nition of its cognate ligand using antibody-equiv- 
alent CDR loops, in an analogous fashion to TCRs, 
CD8 and CTLA-4, is highly feasible. 

In summary, by combining crystallography and 
biophysical measurements, we have conclusively 
demonstrated the monomeric solution state of the 
TREM-1 globular ectodomain. Further identifi- 
cation of actual TREM-1 ligands and the structure 
of the TREM-1 /ligand complex are the next crucial 
steps in elucidating the mechanism by which 
TREMs mediate the innate response to microbial 
products. 



Crystal Structure of Human TREM-1 



1245 



Front B ack 




Top Bottom 




Figure 7. Electrostatic surface potential of TREM-1. The surfaces and electrostatic potentials were generated in 
INSIGHTH (Molecular Simulations, Inc., San Diego, CA). Positive potential ( > 10 mV) is blue, neutral potential (0 mV) is 
white and negative potential ( — 10< mV) is red. CDR-equivalent regions are marked by an oval. The "Front" orientation 
is equivalent to that of Figures 2 and 3. 



Materials and Methods 



Protein expression and purification 

The plasmid, pET-22b( + ) (Novagen, Wi, USA) encod- 
ing residues 21-139 (Ig domain), 17-139 (full Ig domain) 
or 21-194 (hTREM-1 Ig + stalk) of hTREM-1 or residues 
17-139 (full Ig domain) of mouse TREM-1, was trans- 
formed into E.coli BL21 (DE3) RIL-codon plus cells 
(Stratagene, CA, USA) and grown at 37 °C. After reaching 
an O.D. of 0.8 at 600 nm, recombinant expression was 
induced with 1 mM IPTG for three hours. Cells were 
harvested by centrifugation. Inclusion bodies were 
purified and solubilized in 8 M urea, 10 mM Tris 
pH 8.0 mM and 100 mM NaH 2 P0 4 , diluted to 
2 mg ml -1 and dialyzed against 50 mM Tris, pH 8.0, 
0.4 M arginine, 0.25 M NaCl, 1 mM EDTA, 1 mM GSH, 
0.1 mM GSSG and 0.05% PEG 4K for 24 hours at 4 °C. 
Refolded protein was then dialyzed against 10 mM Tris, 
pH 8.5 and 5 mM 2-mercaptoethanol for 24 hours at 4 °C 
and centrifuged to removed precipitated protein. Soluble, 
refolded protein was then purified by gel filtration 
(Superdex 75 16/60, Amersham Pharmacia Biotech, 
Uppsala, Sweden) as a single peak. It was further purified 
by anion exchange chromatography (Mono Q 10/10, 
Pharmacia) using a gradient (0-100%) in 10 mM Tris, 
pH 8.5 and 5 mM 2-mercaptoethanol to 10 mM Tris, 
pH 8.5 and 5 mM 2-mercaptoethanol with 1 M NaCl. The 



single, large peak containing the protein was purified to 
homogeneity by gel filtration (Superdex 75 26/60, 
Amersham Pharmacia Biotech) into 20 mM Tris, pH 7.0, 
100 mM NaCl, 0.5 mM EDTA and 5 mM DTT. Typical 
yield was 30 mg refolded protein L 1 cell culture. 
Selenomethionine-substituted protein was made by 
growing cells in methionine-dencient minimal medium 
supplemented with 50 mg L" 1 Se-met (Sigma). Se-Met 
containing hTREM-1 Ig was purified as described 
above. Se-Met incorporation was 100% as assessed by 
MALDI-TOF mass spectrometry. 



Crystallization and data collection 

Crystals of hTREM-1 Ig (residues 21-139; 50- 
lOOmgml" 1 ) grew from 20% PEG 4K and 0.2 M di- 
ammonium tartrate, pH 6.3 at 4°C, after three weeks 
using the sitting-drop vapor diffusion method. Crystals 
were 'flash-cooled' to — 180 °C in cryoprotectant consist- 
ing of well buffer and 25% glycerol. A 1.47 A native data 
set was collected on a single crystal at beamline 5.0.1 at 
the Advanced Light Source (ALS) in Berkeley (Table 1). 
Data for MAD phasing were collected from a second 
single crystal at three wavelengths (Table 1) to 2.05 A on 
beamline 5.0.2 at the ALS in Berkeley. Data were 
processed and scaled with HKL2000. 39 The spacegroup 
is P6i with unit cell dimensions a = b = 110.94 A and c = 
46.84 A, and two hTREM-1 molecules per asymmetric 
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unit (V m = 3.0 A 3 /Da) corresponding to a solvent content 
of 60%. 

Structure determination and refinement 

The positions of the selenium atoms (5 of 6) and initial 
phases determined by SOLVE 40 were improved by 
density modification using RESOLVE, 40 which resulted 
in the overall figure of merit (FOM) increasing from 0.40 
to 0.66. The sixth selenium atom is located in a highly 
disordered region. These initial electron density maps 
were of excellent quality. The 2.05 A maps were used for 
initial automated model building (8 chains, connectivity 
index 0.94) and refinement with ARP/wARP 41 and 
facilitated building of residues 21-133 of monomer A 
and 26-135 of monomer B using O. 42 Refinement using 
the native data set to 1.47 A was performed using 
Crystallography and NMR System software (CNS version 
1.1) 43 NCS restraints were not incorporated due to the 
exceptional quality and resolution of the electron density 
maps. The model was further rebuilt into a A -weighted 
3F 0 — 2F C/ and F c — F c electron density maps in O. One 
molecule of tartrate from the mother liquor was included 
in the refinement after the third round of manual 
rebuilding. Water molecules were assigned automatically 
in CNS at >3a F Q —F C difference density peaks and 
verified by manual inspection in O. After convergence in 
CNS (R cryst = 23.1% / R free = 24.7%) / refinement was con- 
tinued with REFMAC5 using TLS refinement and with 
riding hydrogens. 44 Care was taken to keep the Rfree test 
set intact during all refinement steps. The final model 
(^cryst=19.3% / R free = 20.6%; Table 1) is composed of 175 
water molecules, one tartrate molecule and all residues 
except residues 134-139 of monomer A and 21-25 and 
136-139 of monomer B, which showed no interpretable 
electron density. The quality of the model was analyzed 
using the program PROCHECK. 24 All surface area 
calculations used the program SC from the CCP4 suite 
with a probe radius of 1.7 A and a dot density of 25. 

Coordinates 

Coordinates and structure factors have been deposited 
in the Protein Data Bank under the accession code 1SMO. 

Equilibrium analytical ultracentrifugation 

The hydrodynamic molecular masses of the human and 
mouse TREM-1 proteins and control proteins lysozyme 
and human ATIC, were determined by sedimentation 
equilibrium measurements with a temperature-controlled 
Beckman XL-I Analytical Ultracentrifuge equipped with 
either An-60 Ti or An-50 Ti rotors using both interference 
and absorbance optics (Beckman Instrument Inc., Palo 
Alto, CA). Protein samples were loaded in a double-sector 
cell equipped with a 12 mm Epon centerpiece and 
sapphire optical windows. The proteins were dialyzed 
into the crystallization buffer (20 mM Tris, pH 7.0, 
100 mM NaCl, 0.5 mM EDTA and 5mM DTT) except 
the control protein, lysozyme, which was dialyzed 
against 20 mM Tris, pH 8.0, 250 mM NaCl, due to its 
low solubility in the TREM-1 crystallization buffer. 
Samples at concentrations ranging from 0.5 mg to 
15 mg ml -1 were monitored at rotor speeds of 12,000- 
50,000 rpm at 20 °C and the data analyzed by a non-linear 
least squares approach using WinNonLin (Pharsite, 
Mountain View, CA) using single species and monomer- 
dimer models. The molar masses presented are the results 
of global, simultaneous fits using three rotor speeds and 



three or four concentrations of each protein, while the 
figures show a single representative fit from the set of 
globally fit scans. The sedimentation profiles of the 
human and mouse TREM-1 were best fit using single 
species models giving molar masses in near perfect 
agreement with the sequence masses. In the highest 
concentrations of hTREM-1 Ig (15 mg ml -1 ), some non- 
specific higher order oligomerization was observed as 
evidenced by the higher mass of a single species fit, the 
inability to fit to a dimer and by non-random residuals. 

Sedimentation velocity 

Sedimentation velocity experiments of the human and 
mouse TREM-1 proteins were used for species compari- 
sons and sedimentation coefficient determination. The 
proteins were dialyzed into the crystallization buffer 
(20 mM Tris, pH 7.0, 100 mM NaCl, 0.5 mM EDTA and 
5 mM DTT) except the control proteins, lysozyme and 
human aminoimidazole carboxamide ribonucleotide 
transformylase/IMP cyclohydrolase (ATIC), which were 
dialyzed against 20 mM Tris, pH 8.0, 250 mM NaCl, due 
to low solubility in the TREM-1 crystallization buffer. The 
data were collected on a temperature-controlled Beckman 
XL-I analytical ultracentrifuge equipped with an An-60 Ti 
rotor and photoelectric scanner. A doublesector cell, 
equipped with a 12 mm Epon centerpiece and sapphire 
windows, was loaded with 400-420 *U of sample. Samples 
at concentrations ranging from 0.5 to 15 mg ml -1 were 
monitored with both absorbance and interference optics 
at a rotor speed of 50,000 rpm in continuous mode at 
25 °C, with a step size of 0.003 cm employing an average 
of one scan per point. Scans were analyzed using the c(s) 
method from the program Sedfit, with RI and TI noise as 
fitted variables. After initial fits, meniscus and cell 
bottom positions were allowed to float for the final 
analysis. 

NMR Spectroscopy 

ID *H NMR spectroscopy of the human and mouse 
TREM-1 full Ig domains (Figure 1) and lysozyme (Sigma, 
St Louis, MO; used without further purification) was used 
to determine the average transverse 1 H N relaxation time 
(T2). The unlabeled protein samples were concentrated to 
between 0.7 and 2.0 mM (10-30 mg ml -1 ) and dialyzed 
into PBS at pH 5.5, 6.5, 7.5 or 8.5. The NMR samples 
consisted of 600 ul of 90% H 2 O/10% D 2 0 containing PBS, 
5mM deuterated DTT and 0.03% mM NaN 3 , except 
lysozyme, which contained no DTT (CIL, MA, USA). 
All NMR measurements were performed at 298 K on a 
Bruker Avance600 spectrometer equipped with five 
radio-frequency channels and a triple resonance probe 
(TXI-HCN-z gradient). The lengths of the echo delays 
were 100 fxs and 2.9 ms. The intensities of 10 separated 
amide proton resonances between 8.0 and 10.4 ppm were 
used to extract an average T 2 relaxation time. Care was 
taken to compare the same 1 H N lines at each pH value. 
The spectra were processed and analyzed using the 
program Xwinnmr3.5 (Bruker, Billerica, USA). 
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Abstract 

The triggering receptor expressed on myeloid cells (TREM)-l is a recently discovered receptor 
expressed on the surface of neutrophils and a subset of monocytes. Engagement of TREM-1 has 
been reported to trigger the synthesis of proinflammatory cytokines in the presence of microbial 
products. Previously, we have identified a soluble form of TREM-1 (sTREM-1) and observed 
significant levels in serum samples from septic shock patients but not controls. Here, we investi- 
gated its putative role in the modulation of inflammation during sepsis. We observed that 
sTREM-1 was secreted by monocytes activated in vitro by LPS and in the serum of animals in- 
volved in an experimental model of septic shock. Both in vitro and in vivo, a synthetic peptide 
mimicking a short highly conserved domain of sTREM-1 appeared to attenuate cytokine pro- 
duction by human monocytes and protect septic animals from hyper-responsiveness and death. 
This peptide seemed to be efficient not only in preventing but also in down-modulating the del- 
eterious effects of proinflammatory cytokines. These data suggest that in vivo modulation of 
TREM-1 by sTREM peptide might be a suitable therapeutic tool for the treatment of sepsis. 

Key words: triggering receptor expressed on myeloid cells-1 • inflammation • sepsis • 
proinnammatory cytokines • mouse model 



Introduction 

After an infection, innate and cognitive immune responses 
develop in sequential phases that build up in specificity and 
complexity, resulting ultimately in the clearance of infec- 
tious agents and restoration of homeostasis. The innate im- 
mune response serves as the first line of defense and is initi- 
ated upon activation of pattern recognition receptors, such 
as Toll-like receptors (TLRs) (1, 2), by various pathogen- 
associated microbial patterns (3). Activation of the TLRs 
triggers the release of large quantities of such cytokines as 
TNF-a and IL-lp, which, in case of such massive infec- 
tions as sepsis, can precipitate tissue injury and lethal shock 
(4, 5). Although antagonists of TNF-a and IL-ip appeared 
in this context as possibly interesting therapeutic agents of 



Address correspondence to Sebastien Gibot, Hopital Central, Service de 
Reanimation Medicale, 29 avenue du Marechal de Lattre de Tassigny, 
54035 Nancy Cedex, France. Phone: 33-3-83-85-29-70; Fax: 33-3-83- 
85-85-11; email: s.gibot@chu-nancy.fr 



sepsis, they have unfortunately shown limited efficacy in 
clinical trials (6—8). This could be due to the fact that these 
cytokines are necessary for the clearance of infections and 
that their removal would allow for fatal bacterial growth 
(9-11). 

The triggering receptor expressed on myeloid cells 
(TREM)-l is a recently discovered cell-surface molecule 
that has been identified both on human and murine poly- 
morphonuclear neutrophils and mature monocytes (12). It 
belongs to the immunoglobulin superfamily and activates 
downstream signaling pathways with the help of an adaptor 
protein called DAP12 (12-15). Bouchon and coworkers 
have shown that the expression of TREM-1 was gready 
up-regulated on neutrophils and monocytes in the presence 
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of such bacteria as Pseudomonas aeruginosa or Staphylococcus 
aureus, both in cell culture and in tissue samples from pa- 
tients with infection (16). In striking contrast, TREM-1 
was not up-regulated in samples from patients with nonin- 
fectious inflammatory diseases such as psoriasis, ulcerative 
colitis, or vasculitis caused by immune complexes (16). 
Moreover, when TREM-1 is bound to its ligand there is a 
synergistic effect of LPS and an amplified synthesis of the 
proinflammatory cytokines TNF-a and GM-CSF, together 
with an inhibition of IL-10 production (17). In a murine 
model of LPS-induced septic shock, blockade of TREM-1 
signaling protected the animals from death, further high- 
lighting the crucial role of this molecule (13, 16). 

Here we show that a soluble form of TREM-1 (sTREM-1) 
is released in the peripheral blood during infectious aggres- 
sion in mouse. We also confirm monocytes as a major source 
of sTREM and show that a synthetic peptide mimicking a 
part of the extracellular domain of TREM-1 can modulate 
cytokine production by activated monocytes in vitro. We 
further demonstrate that the same peptide also modulates in 
vivo the proinflammatory cascade triggered by infection, 
thus inhibiting hyper-responsiveness and death in an animal 
model of sepsis. 

Materials and Methods 

Preparation of Monocytes from Peripheral Blood. 10 ml of pe- 
ripheral blood samples were collected on EDTA-K from five 
healthy volunteer donors originating from laboratory staff. After 
dilution in RPMI (Life Technologies) vol/vol, blood was centri- 
fuged for 30 min at room temperature over a Ficoll gradient 
(Amersham Biosciences) to isolate PBMCs. The cells recovered 
above the gradient were washed and counted. To deplete the sus- 
pensions of lymphocytes, cells were then plated in 24-well flat- 
bottom tissue culture plates (Coming) at a concentration of 5 X 
10 6 /ml and allowed to adhere during 2 h at 37 °C. The resulting 
lymphocyte suspension was discarded, and the adhering mono- 
cytic cells were maintained in a 5% C0 2 incubator at 37°C in 
complete medium (RPMI 1640, 0.1 mM sodium pyruvate, 2 
mM penicillin, 50 Jig/ ml streptomycin; Life Technologies) sup- 
plemented with 10% FCS (Invitrogen). 

TREM-1 Peptide. Based on the TREM-1 sequence in Gen- 
Bank/EMBL/DDBJ (under accession nos. AF287008 and AF241219), 
a domain highly conserved in mouse and man was found in the 
extracellular portion of the protein. The corresponding con- 
served domain (LQVTDSGLYRCVIYHPP) was chemically syn- 
thesized as a COOH terminally amidated peptide (Pepscan Sys- 
tems). The correct peptide was obtained in >99% yield and with 
measured mass of 1,961 D versus a calculated mass of 1,962 D 
and was homogeneous after preparative purification, as confirmed 
by mass spectrometry and analytic reversed phase-high perfor- 
mance liquid chromatography. This peptide was called LP17. A 
peptide containing the same amino acids as LP17 but in a differ- 
ent sequence order (TDSRCVIGLYHPPLQVY) was similarly 
synthesized and served as control peptide. 

In Vitro Stimulation of Monocytes. For activation, monocytes 
were cultured in the presence of Escheridiia coli LPS (OHl:B4, 1 
|jLg/ml; Sigma- Aldrich). Cell viability was assessed by trypan blue 
exclusion and by measuring lactate dehydrogenase release. In some 
experiments, this stimulus was given in combination with TNF-a 
(5-100 ng/ml; R&D Systems), IL-10 (5-100 ng/ml; R&D Sys- 



tems), rIFN-7 (up to 100 U/ml; R&D Systems), rIL-10 (500 U/ml; 
R&D Systems), or up to 100 ng/ml of LP17 or control peptide. 

To activate monocytes through TREM-1, an anti— TREM-1 
agonist monoclonal antibody (R&D Systems) was added as fol- 
lows. Flat-bottom plates were precoated with 10 jxg/ml anti— 
TREM-1 per well. After thorough washing in PBS, the mono- 
cyte suspensions were added at a similar concentration as above. 
Some experiments were performed in the presence of protease 
inhibitors (PMSF and Protease Cocktail Inhibitor; Invitrogen). 
Cell-free supernatants were assayed for the production of TNF-a 
and IL-1 P by ELISA according to the recommendations of the 
manufacturer (BD Biosciences). To address the effect of LP17 on 
NF-kB activity in monocytes, an ELISA-based assay was per- 
formed (BD Mercury Transfactor kit; BD Biosciences). Mono- 
cytes were cultured for 24 h in the presence of H. coli LPS (Ol 1 1 : 
B4, 1 u,g/ml), and/or an agonist anti-TREM-1 monoclonal an- 
tibody (10 u,g/ml), and/or LP 17 (100 ng/ml). Whole cell ex- 
tracts were then prepared, and levels of NF-kB p50 and p65 were 
determined according to the recommendations of the manufac- 
turer. All experiments were performed in triplicate, and data are 
expressed as means (SEM). 

Identification and Quantitation of s TREM-1 Release. Primary 
monocytes suspensions were cultured as described above. The 
cells were treated with E. coli LPS (OHl:B4, 1 u,g/ml) for 24 h 
at 37°C. Cell-conditioned medium was submitted to Western 
blotting using an anti-TREM-1 monoclonal antibody (R&D 
Systems) in order to confirm the presence of 27 kD material rec- 
ognized by anti-TREM-1. Soluble TREM-1 levels were mea- 
sured by assessing the optical intensity of bands on immunodots 
by means of a reflectance scanner and the Quantity One Quanti- 
tation Software (Bio-Rad Laboratories, Inc.) as reported eke- 
where (18). Soluble TREM-1 concentration from each sample 
was determined by comparing the optical densities of the sam- 
ples with reference to standard curves generated with purified 
TREM-1. All measurements were performed in triplicate. The 
sensitivity of this technique allows the detection of sTREM-1 
levels as low as 5 pg/ml. 

TREM- 1 RT-PCR. Total mRNA was extracted from pri- 
mary monocytes cultured in the presence of LPS using a TRIzol 
reagent (Invitrogen) and reverse transcribed using Superscript RT 
II (Invitrogen) to generate cDNA. RT-PCR conditions then 
used for all reactions were 94°C, 30 s/65°C, 30 s/68°C, and 1 
min for 30 cycles. Amplification was performed with 2.5 mM 
MgCl 2 , 0.2 mM dNTP, 2.0 U Taq polymerase, and 20 pM 5' 
and 3' oligonucleotide primers (Proligos). The sequences of the 
5' and 3' primer pairs used were the following: TTGTCTCA- 
GAACTCCGAGCTGC and GAGACATCGGCAGTTGACT- 
TGG for TREM-1 (17); GGACGGAGAGATGCCCAAGACC 
and ACCAGCCAGGAGAATGACAATG for TREM-1 splice 
variant (TREM-1 sv) (19); and GGACGACATGGAGAAGAT- 
CTGG and ATAGTAATGTCACGCACGATTTCC for P-actin 
used as housekeeping amplicon. PCR products were run on aga- 
rose gels and visualized by ethidium bromide staining. 

LPS-induced Endotoxinemia in Mice. After approval by the lo- 
cal ethical committee, male Balb/c mice (20-23 g) were randomly 
grouped and treated with E. coli LPS i.p. in combination with 
LP17 (in 500 jxl normal saline) or control vector before or after 
LPS challenge. In some experiments, 5 |xg of an anti-TREM-1 
monoclonal antibody was administered i.p. 1 h after LPS injec- 
tion. The viability of mice was examined every hour, or animals 
were killed at regular intervals. Serum samples were collected by 
cardiac puncture and assayed for TNF-a and IL-10 by ELISA 
(BD Biosciences) and for sTREM-1 levels by immunodot. 
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Cecal Ligation and Puncture Polymicrobial Sepsis Model. Male 
Balb/c mice (7-9 wk, 20-23 g) were anesthetized by i.p. adminis- 
tration of ketamine and xylazine in 0.2 ml sterile pyrogen-free sa- 
line. The cecum was exposed through a 1 .0-cm abdominal mid- 
line incision and subjected to a ligation of the distal half followed 
by two punctures with a G21 needle. A small amount of stool was 
expelled from the punctures to ensure patency. The cecum was 
replaced into the peritoneal cavity and the abdominal incision 
closed in two layers. After surgery, all mice were injected s.c. with 

0. 5 ml of physiologic saline solution for fluid resuscitation and s.c. 
every 12 h with 1.25 mg (i.e., 50 u,g/g) of imipenem. The ani- 
mals were randomly grouped and treated with normal saline (n = 
14), the control peptide (n = 14, 100 p,g) or LP17 (100 u,g) in a 
single injection at HO (n = 18), H+4 (n = 18), or H+24 (ft = 
18). The last group of mice (« — 18) was treated with repeated in- 
jections of LP17 (100 fig) at H+4, H+8, and H+24. All treat- 
ments were diluted into 500 uJ of normal saline and administered 

1. p. We next sought to determine the effect of various doses of 
LP 17. For this purpose, mice (« = 15 per group) were treated 
with a single injection of normal saline or 10, 20, 50, 100, or 200 
of LP17 at HO after the cecal ligation and puncture (CLP) and 
monitored for survival. Five additional animals per group were 
killed under anesthesia at 24 h after CLP for the determination of 
bacterial count and cytokines levels. Peritoneal lavage fluid was 
obtained using 2 mL RPMI 1640 (Life Technologies), and blood 
was collected by cardiac puncture. Concentrations of TNF-ct and 
IL-lp in the serum were determined by ELISA (BD Biosciences). 
For the assessment of bacterial counts, blood and peritoneal lavage 
fluid were plated in serial log dilutions on tryptic soy supple- 
mented with 5% sheep blood agar plates. After plating, tryptic soy 
agar plates were incubated at 37°C aerobically for 24 h and anaer- 
obically for 48 h. Results are expressed as CFU per ml of blood 
and CFU per mouse for the peritoneal lavage. 

Statistical Analyses. Serum sTREM-1 and cytokines levels 
were expressed as mean (± SD). The protection against LPS le- 
thality by LP 17 was assessed by comparison of survival curves us- 
ing the Log-Rank test. All statistical analyses were completed 
with Statview software (Abacus Concepts) and a two-tailed P < 
0.05 was considered significant. 

Results 

A Soluble Form of TREM-1 Is Released from Cultured Hu- 
man Monocytes after Stimulation with E. coli LPS. To identify 
the potential release of sTREM-1 in vitro, we stimulated 
human monocytes with LPS and analyzed the conditioned 
culture medium by SDS-PAGE. LPS stimulation induced 
the appearance of a 27-kD protein in a time-dependent 
manner (Fig. 1 A). Western blotting analysis revealed that 
this protein was specifically recognized by a monoclonal an- 
tibody directed against the extracellular domain of TREM-1 
(Fig. 1 A). Cell viability was unaffected at LPS concentra- 
tions that induced the presence of sTREM-1 in conditioned 
medium, mcUcating that TREM-1 release was not due to 
cell death. Similarly, treatment of monocytes with pro- 
tease inhibitors did not affect TREM-1 release (Fig. 1 A). 
TREM-1 mRNA levels were increased upon LPS treat- 
ment (Fig. 1 B), whereas TREM-lsv mRNA levels re- 
mained undetectable. This suggests that TREM-1 release is 
likely to be linked to an increased transcription of the gene 
and unrelated to TREM-lsv expression. 
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Figure 1. (A) Release of sTREM-1 from cultured monocytes after 
stimulation with LPS with and without proteases inhibitor. LPS stimula- 
tion induced the appearance of a 27-kD protein that was specifically rec- 
ognized by an and— TREM-1 mAb (inset). sTR£M-l levels in the condi- 
tioned culture medium were measured by reflectance of immunodots. 
Data are shown as mean ± SD (n = 3). (B) Expression of TREM-1 
mRNA in monocytes. Cultured monocytes were stimulated with LPS 
(1 ng/ml) for 0, 1, and 16 h as indicated. LPS induced TREM-1 mRNA 
production within 1 h. 

Stimulation of monocytes for 16 h with TNF-ct (5—100 
ng/ml) or IL-10 (5-100 ng/ml) induced very small 
TREM-1 release in a cytokine dose-dependent manner. 
Stimulation with IFN-7 did not induce TREM-1 release, 
even at concentrations of up to 100 U/ml. 

LPS-associated Release of Proinflammatory Cytokines Is At- 
tenuated by LP17. Significant TNF-ct and IL-10 produc- 
tion was observed in the supernatant of monocytes cul- 
tured with LPS. TNF-ct and IL-10 production was even 
higher for cells cultured with both TREM-1 mAb and 
LPS compared with those cultured with mAb or LPS alone 
(Fig. 2 A). 

The inducible release of proiriflarnmatory cytokines was 
significantly lower after LPS stimulation when the medium 
was supplemented with LP 17 or IL-10. LP 17 reduced, in a 
concentration-dependent manner, the TNF-ct and IL-10 
production from cells cultured with LPS or with LPS and 
mAb and simultaneously increased the release of sTREM-1 
from cells cultured with LPS. The control peptide dis- 
played no action on cytokines or sTREM-1 release (not 
depicted). In striking contrast, IL-10 totally inhibited the 
release of both TREM-1 and inflammatory cytokines (Fig. 
2 A). Both LPS and TREM-1 mAb induced a strong acti- 
vation of monocytic NF-kB p50 and p65, and combined 
administration of LPS and TREM-1 mAb lead to a syner- 
gistic effect. LP17 inhibited the NF-kB activation induced 
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Figure 2. (A) Release of cytokines and sTRJEM-1 from cultured 
monocytes. For cell activation, primary monocytes were cultured in 24- 
weU flat-bottom tissue culture plates in the presence of LPS (1 u.g/ml). In 
some experiments, this stimulus was provided in combination with LP 17 
(10-100 ng/ml), control peptide (10-100 ng/ml), or rll>10 (500 U/ml). 
To activate monocytes through TREM-1, an agonist anti-TREM-1 
mAb (10 u>g/ml) was added as indicated. Cell-free supernatants were ana- 
lyzed for production of TNF-a, IL-lp\ and sTREM-1 by ELISA or im- 
munodot. All experiments were performed in triplicate and data are ex- 
pressed as means (SEM). (a) Media; (b) LP17 10 ng/ml;' (c) anti-TREM-1; 
(d) LPS; (e) LPS + anti-TREM-1; (£) LPS + LP17 10 ng/ml; (g) LPS + 
LP17 50 ng/ml; (h) LPS + LP17 100 ng/ml; (i) LPS + IL10. (B) Effect of 
LP 17 on NF-kB activation. Monocytes were cultured for 24 h in the 
presence of E. colt LPS (OHl:B4; 1 u,g/ml), anti-TREM-1 mAb (10 
u,g/ml), and/or LP17 (100 ng/ml) as indicated, and the levels of NF-kB 
p50 and p65 were determined using an ELISA-based assay. Experiments 
were performed in triplicate, and data are expressed as means of optical 
densities (SEM). 



by the engagement of TREM-1 but did not alter the effect 
of LPS (Fig. 2 B). 

Serum sTREM-i Levels of LPS-treated Mice Are Increased. 
To determine whether sTREM-1 was released systemically 
during endo toxemia in mice, we measured serum sTREM-1 
levels after LPS administration. Serum sTREM-1 was readily 
detectable 1 h after administration of an LD 50 dose of LPS 
and was maintained at peak plateau levels from 4 to 6 h af- 
ter LPS treatment (Fig. 3). 

LP! 7 Protects Endotoxemic Mice from Lethality. Mice 
treated by a single dose of LP17 60 min before a lethal dose 
(LD 100 ) of LPS were prevented from death in a dose- 
dependent manner (Fig. 4 A). To investigate whether 
LP 17 treatment could be delayed until after the administra- 
tion of LPS, we injected LP 17 beginning 4 or 6 h after LPS 
injection. This delayed treatment up to 4 h conferred sig- 
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Figure 3. Accumulation of 
sTREM-1 in serum of LPS- 
treated mice. Male Balb/c mice 
(20-23 g) were treated with LPS 
(LD 50 , intraperitoneally). Serum 
was assayed for sTREM-1 by 
immunodot. Serum sTREM-1 
was readily detectable 1 h after 
LPS administration and was 
maintained at a plateau level 
from 4 to 6 h. 



nificant protection against an LD 10 o dose of LPS (Fig. 4 B). 
No late death occurred over 1 wk, indicating that LP 17 did 
not merely delay the onset of LPS lethality but provided 
lasting protection. Control mice all developed lethargy, pi- 
loerection, and diarrhea before death. By contrast, LP17- 
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Figure 4. Endotoxinic shock in mice. (A) LP17 pretreatment protects 
against LPS lethality in mice. Male Balb/c mice (20-23 g) were randomly 
grouped (10 mice per group) and treated with an LD, 00 of LPS. LP17 
(50 or 100 u,g) or control vector was administered 60 min before LPS. 
(B) Delayed administration of LP 17 protects LPS lethality in mice. Male 
Balb/c mice (20-23 g) were randomly grouped (8 mice per group) and 
treated with an LD 100 of LPS. LP17 (75 u,g) or control vector was admin- 
istered 4 or 6 h after LPS as indicated. (C) Administration of agonist 
TREM-1 mAb is lethal to mice. Male Balb/c mice (20-23 g) were ran- 
domly grouped (eight mice per group) and treated with a combination of 
an LD 50 of LPS + control vector, LD 50 of LPS + anti-TR^M-1 mAb 
(5 jig), or LD 100 of LPS + control vector as indicated. Control vector and 
anti-TREM-1 mAb were administered 1 h after LPS injection. 
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Table I. Serum Concentrations of TNF-at, IL- 1(3, and sTREM- 1 in Endotoxemic Mice 



TNF-a IL-1P sTREM-1 



ng/mL ng/mL ng/mL 

H2 H4 H2 H4 H2 H4 

Control 3.3 ±1.0 0.4 ± 0.1 0.3 ± 0.1 1.5 ± 0.2 249 ± 48 139 ± 8 

LP17(100p.g) 2.4 ±0.5 0.1 ± 0.1 0.2 ± 0.1 0.9 ± 0.2 475 ± 37 243 ± 28 



treated mice remained well groomed and active, had no di- 
arrhea, and were lively. To clarify the mechanism by which 
LP 17 protected mice from LPS lethality, we determined the 
serum levels of TNF-a, IL-10, and sTREM-1 of endotox- 
emic mice at 2 and 4 h. Compared with controls, pretreat- 
ment by 100 |xg of LP 17 reduced cytokines levels by 30% 
and increased sTFJSM-1 levels by twofold (Table I). 

Engagement of TREM- 1 Is Lethal to Mice. To further 
highlight the role of TREM-1 engagement in LPS-medi- 
ated mortality, mice were treated with agonist and— TREM-1 
mAb in combination with the administration of an LD 50 
dose of LPS. This induced a significant increase in mortal- 
ity rate from 50 to 100% (Fig. 4 C). 

LP1 7 Protects Mice from CLP-induced Lethality. To in- 
vestigate the role of LP 17 in a more relevant model of sep- 
tic shock, we performed CLP experiments (Fig, 5 A). The 
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Figure 5. CLP polymicrobial sepsis model. (A) LP17 partially protects 
mice from CLP-induced lethality. Male Balb/c mice (20-23 g) were ran- 
domly grouped and treated with normal saline (n — 14) or the control 
peptide (n = 14; 100 u,g) or with LP17 (100 jig) in a single infection at 
HO (« = 18), H+4 (« = 18), or H+24 (n = 18). The last group of mice 
(n = 18) was treated with repeated injections of LP17 (100 u,g) at H+4, 
H + 8, and H + 24. (B) Dose effect of LP 17 on survival. Mice (n = 15 per 
group) were treated with a single injection of normal saline or 10, 20, 50, 
100, or 200 ng of LP17 at HO after the CLP and monitored for survival. 



control groups comprised mice injected with normal saline 
or with the control peptide. In this model of polymicrobial 
sepsis, LP 17 still conferred a significant protection against 
lethality even when administered as late as 24 h after the 
onset of sepsis. Interestingly, repeated injections of LP17 
had the more favorable effect on survival (P < 0.01). There 
was a dose-response effect of LP 17 on survival (Fig. 5 b) 
and cytokines production (Table II). LP 17 had no effect on 
bacterial clearance (Fig. 6). 

Discussion 

Sepsis exemplifies a complex clinical syndrome that re- 
sults from a harmful or damaging host response to severe 
infection. Sepsis develops when the initial, appropriate host 
response to systemic infection becomes amplified and then 
dysregulated (4, 5). Neutrophils and monocyte/macro- 
phages exposed to LPS, for instance, are activated and release 
such proinflammatory cytokines as TNF-a and IL-10. Ex- 
cessive production of these cytokines is widely believed to 
contribute to the multiorgan failure that is seen in septic 
patients (20-23). 

TREM-1 is a recently identified molecule involved in 
monocytic activation and inflammatory response (12, 14). 
It belongs to a family related to NK cell receptors that 
activate downstream signaling events. The expression of 
TREM-1 on PMNs and monocytes/macrophages has been 
shown to be inducible by LPS (16, 17). 



Table II. Serum Concentrations of TNF-a, IL-1p, and 
sTREM- 1at24h after CLP 



TNF-a 
pg/mL 



IL-ip 
pg/mL 



sTREM-1 
ng/mL 



Control peptide 


105 




12 


841 




204 


35 


± 


5 


Control saline 


118 




8 


792 




198 


35 




5 


LP17 10 u-g 


110 




11 


356 


± 


62 


43 




8 


LP17 20 jxg 


89 




10 


324 




58 


58 




8 


LP17 50 jig 


24 




6 


57 




11 


93 


-4- 


10 


LP17 100 u.g 


20 




3 


31 


± 


3 


118 




12 


LP17 200 u.g 


21 
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37 
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8 


158 




13 
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Figure 6. LP 17 has no effect on bacterial counts during CLP. Mice (5 
per group) were killed under anesthesia at 24 h after CLP. Bacterial 
counts in peritoneal lavage fluid and blood were determined and results 
are expressed as CFU per ml of blood and CFU per mouse for the perito- 
neal lavage. 



Here, we report that a soluble form of TREM-1 was re- 
leased from cultured human monocytes after stimulation 
with E. coli LPS. Such a soluble form was also detectable 
in the serum of endotoxemic mice as early as 1 h after 
LPS challenge. This is consistent with the implication of 
TREM-1 in the very early phases of the innate immune re- 
sponse to infection (14, 15, 24). The mechanism by which 
sTREM-1 is released is not clearly elucidated but seems to 
be related to an increased transcription of the TREM-1 
gene. Nevertheless, although incubation with a protease in- 
hibitor cocktail does not alter the sTREM-1 release, cleav- 
age of the surface TREM-1 from the membrane cannot be 
totally excluded. Interestingly, stimulation of human mono- 
cytes with such proinflammatory cytokines as TNF-ot, IL- 
1(3, or IFN-7 induced very small sTREM-1 release unless 
LPS was added as a costimulus. The expression of an alter- 
native mRNA TREM-1 sv has been detected in monocytes 
that might translate into a soluble receptor (18) upon stimu- 
lation with cell wall fraction of Mycobacterium bovis BCG but 
not LPS (25). This was confirmed in this study as (a) LPS 
did not increase the level of mRNA TREM-lsv in mono- 
cytes and (b) only a 27-kD protein was released by mono- 
cytes upon LPS stimulation and not the 17.5-kD variant. 

Although its natural ligand has not been identified (13, 
14), engagement of TREM-1 on monocytes with an agonist 
monoclonal antibody resulted in a further enhancement of 
proinflammatory cytokines production, whereas LP 17 induced 
a decrease of these syntheses in a concentration-dependent 
manner, and IL-10 completely suppressed it. 

Inflammatory cytokines, and especially TNF-ot, are con- 
sidered to be deleterious, yet they also possess beneficial ef- 
fects in sepsis (5) as shown by the fatal issue of peritonitis in 
animals with impaired TNF-a responses (9-11). More- 
over, in clinical trials the inhibition of TNF-a increased 
mortality (8). Finally, the role of TNF-a in the clearance of 
infection has been highlighted by the finding that sepsis is a 
frequent complication in rheumatoid arthritis patients treated 
with TNF-a antagonists (26). 

The mechanism by which LP 17 modulates cytokine 
production is not yet clear. LP17 comprises the comple- 



mentary determining region-3 and the "F" p strand of the 
extracellular domain of TREM-1. The latter contains a ty- 
rosine residue mediating dimerization. Radaev et al. postu- 
lated that TREM-1 captures its ligand with its comple- 
mentary determining region-equivalent loop regions (27). 
Thus, LP 17 could impair the TREM-1 dimerization and/or 
compete with the natural ligand of TREM-1. Moreover, 
the increase of sTREM-1 release from monocytes medi- 
ated by LP 17 could prevent the engagement of membrane 
TREM-1, sTREM-1 acting as a decoy receptor, as in the 
TNF-a system (28, 29). 

Activation of the transcription factor NF-kB is a critical 
step in monocyte inflammatory cytokine production after 
exposure to bacterial stimuli such as LPS (30, 31). Among 
the various NF-KB/Rel dimers, the p65/p50 heterodimer 
is the prototypical form of LPS-inducible NF-kB in mono- 
cytes (32). LP17 abolishes the p65/p50 NF-kB overactiva- 
tion induced by the engagement of TREM-1. This might 
at least partially explain the effects of LP 17 on cytokine 
production and the protection from lethality shown here to 
occur when the peptide was injected 1 h before LPS- 
induced septic shock, or even up to 4 h after. 

Endotoxemia is simple to achieve experimentally but 
imperfecdy suited to reproduce human sepsis, whereas 
polymicrobial sepsis induced by CLP is a more complex 
but better model, including the use of fluid resuscitation 
and antibiotics. Thus, the latter was also used in this study 
and confirmed the dose-dependent protection provided by 
LP 17, even when administered as late as 24 h after the on- 
set of sepsis. However, the favorable effect of LP17 was un- 
related to an enhanced bacterial clearance. 

One difficulty in the use of immunomodulatory thera- 
pies is that it is not possible to predict the development of 
sepsis, and thus patients receiving those treatments fre- 
quendy already have well-established sepsis (6). Since LP 17 
appeared to be effective even when injected after the out- 
break of sepsis, it could thus constitute a realistic treatment 
(24,33). 

By contrast, engagement of TREM-1 by an agonist 
anti-TREM-1 monoclonal antibody mediated a dramatic 
increase of mortality rate in LPS-challenged mice: this fur- 
ther underscores the detrimental effect of TREM-1 en- 
gagement during septic shock. 

Experimental septic shock reproduces human sepsis only 
in part. Indeed, our group recendy showed that significant 
levels of sTFJiM-l were released in the serum of critically 
ill patients with sepsis patients (34), the highest levels being 
observed in patients who survived. This is consistent with 
our experimental findings indicating that the more impor- 
tant sTFJiM-1 release, the more favorable is the outcome, 
and thus sustains, at least theoretically, the potential value 
of soluble TREM peptides as postonset sepsis therapy. 

TREM-1 appears to be a crucial player in the immediate 
immune response triggered by infection. In the early phase 
of infection, neutrophils and monocytes initiate the inflam- 
matory response owing to the engagement of pattern rec- 
ognition receptors by microbial products (3, 4). At the 
same time, bacterial products induce the up-regulation and 
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the release of sTREM-1. Upon recognition of an un- 
known ligand, TREM-1 activates signaling pathways which 
amplify these inflammatory responses, notably in mono- 
cytes/macrophages. The modulation of TREM-1 signaling 
reduces, although without complete inhibition, cytokine 
production and protects septic animals from hyper-respon- 
siveness and death. Modulation of TREM-1 engagement 
with such a peptide as LP 17 might be a suitable therapeutic 
tool for the treatment of sepsis, particularly because it seems 
to be active even after the onset of sepsis after infectious 
aggression. 
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